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Abstract
We revisit the nonthermal gravitino production at the (p)reheating stage after inflation. Partic-
ular attention is paid to large field inflation models with aZ2 symmetry, for which the previous
perturbative analysis is inapplicable; and inflation models with a stabilizer superfield, which
have not been studied non-perturbatively. It is found that in single-superfield inflation models
(without the stabilizer field), nonthermal production of the transverse gravitino can be cos-
mologically problematic while the abundance of the longitudinal gravitino is small enough. In
multi-superfield inflation models (with the stabilizer field), production of the transverse and
longitudinal gravitinos is significantly suppressed, and they are cosmologically harmless. We
also clarify the relation between the background field method used in the preheating context
and the standard perturbative decay method to estimate the gravitino abundance.
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1 Introduction and summary
1.1 Introduction
Supersymmetric (SUSY) models are well-motivated as a physics beyond the standard model, since
it provides a successful gauge coupling unification, dark matter candidate, a great reduction of the
hierarchy problem etc. In supergravity, however, there is a cosmological problem associated with
the gravitino, the superpartner of the graviton, called the gravitino problem [1–4]. If the gravitino
is not the lightest SUSY particle (LSP), it can decay into lighter SUSY particles. The lifetime of the
gravitino is given by [5]
τ3/2 =

3
8pi
(m 03/2)
3
M 2Pl
−1
' 3×10−2 sec

100 TeV
m 03/2
3
, (1.1)
where M Pl is the reduced Planck scale and m 03/2 denotes the present gravitino mass.
\1 Here we
have assumed that the gravitino decays into only gaugino plus gauge boson pairs. If other decay
modes are open, the lifetime becomes slightly shorter. Therefore, if the gravitino is much lighter
than 100 TeV, it decays after the beginning of big-bang nucleosynthesis (BBN) and may affect light
element abundances [5–10]. If it is heavier, the decay itself does not affect BBN but LSPs produced
by the gravitino decay can be overabundant compared with the observed dark matter abundance.
If the gravitino is LSP and R-parity is conserved, the gravitino itself contributes to the dark matter
abundance. In any case, there is a strict upper bound on the gravitino abundance.
There are several processes that produce gravitinos in the early universe. One of the unavoid-
able production mechanisms is thermal production: in the high-temperature universe, scatter-
ings of high-energy particles produce gravitinos [11–13].\2 The abundance of thermally produced
gravitinos is proportional to the reheating temperature after inflation TR, and hence we obtain an
upper bound on TR to avoid the gravitino problem.
Gravitinos can also be produced nonthermally. Nonthermal gravitino production by the direct
decay of inflaton was extensively studied in a series of works [16–24]. It was found that the inflaton
generally decays into the gravitino pair with the partial decay rate [18, 19, 21, 22]
Γ(φ→ψψ)' 1
64pi


φ

M Pl
2 m 3φ
M 2Pl
, (1.2)
where mφ is the inflaton mass and


φ

is the vacuum expectation value (VEV) of the inflaton.
It gives a stringent constraint on inflation models, although there are some loopholes [25, 26].
This expression for the decay rate is valid for small-field inflation models such as new inflation
or hybrid inflation.\3
On the other hand, large field inflation models [27] attract lots of attentions in view of recent
developments on successful inflation model building in the framework of supergravity [28–36].
It is interesting because it can be tested with on-going/future B-mode polarization experiments.
In large field inflation models with a Z2 symmetry in which the inflaton field oscillates around
\1 Throughout this paper, we distinguish the “present gravitino mass” m 03/2 and “gravitino mass” m3/2, since the no-
tion of gravitino and its mass is time-dependent in a cosmological evolution. The former corresponds to the gravitino
mass in the present universe and it is just a constant while the latter is time-dependent.
\2 Ref. [14] discussed the gravitino production by the scatterings of energetic inflaton decay products during the
process of thermalization [15] and found that it is subdominant compared with the standard thermal production.
\3 Chaotic inflation without a Z2 symmetry also leads to a similar expression.
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the origin φ = 0 after inflation, we cannot use the expression (1.2) as a gravitino production rate.
This is simply because the calculations in Refs. [21–24] assumed the perturbative decay of inflaton
around its VEV. In inflation models with the Z2 symmetry, however, there is no such decay process
due to the Z2 symmetry.\4
This does not mean that the inflaton cannot decay into gravitinos as well as other light parti-
cles. The inflaton coherent oscillation affects the masses or kinetic terms of coupled particles. The
coupled particles, including gravitinos, “feel” the rapid inflaton oscillation and it affects the evolu-
tion of their wave functions. It is known that this leads to particle production, often in the context
of preheating [37–41]. Therefore, even if the inflaton has the Z2 symmetry, its coherent oscillation
necessarily transfers its energy to the coupled particles. The question we would like to address is:
what amount of gravitinos is produced during the preheating?
Production of gravitinos during the preheating was first discussed in Refs. [42, 43] in a single-
superfield case, in which only one inflaton chiral superfield was introduced. There it was found
that in the preheating stage, longitudinal gravitinos are efficiently produced. Later it was recog-
nized that the theory of gravitino preheating is much more involved due to the subtlety of the
notion of “gravitino” [44–46]. The gravitino becomes massive by “absorbing” the goldstino, but
the definition of goldstino is time-dependent in a cosmological background. In the early universe,
the inflaton oscillation energy dominantly breaks SUSY and hence the goldstino is almost the in-
flatino, the fermionic superpartner of the inflaton. At late time, the Polonyi field\5 dominantly
breaks SUSY and its fermionic component, Polonyino, becomes the goldstino. Thus the compo-
sition of goldstino changes with time. Refs. [45, 46] noticed that it is essential to include (at least)
two chiral superfields, inflaton and Polonyi, to correctly deal with this problem and concluded that
what the preheating efficiently produces eventually becomes the inflatino, which is less harmful
than the gravitino.
Still, however, a quantitative/comprehensive analysis of the nonthermal gravitino production
rate in such a case is missing. Although Refs. [45, 46] revealed that the gravitino production is
suppressed than previously thought, it is highly non-trivial how we can extrapolate their numerical
results into more realistic setups and parameters both in the inflaton and SUSY breaking sector.
Thus we would like to provide general analytic formulae for the nonthermal gravitino abundance
that are applicable to any realistic models.
1.2 Brief summary
In this paper, we revisit the theory of nonthermal gravitino production in a comprehensive and
unified manner. Our purposes and results are summarized below.
• We derive nonthermal gravitino production rates and their resulting abundances quanti-
tatively with useful formulae. We find that in single-superfield inflation models, the pro-
duction of transverse gravitino is significant and cosmologically problematic, while the pro-
duction of longitudinal gravitino is less important. This aspect of the nonthermal gravitino
production has been overlooked in previous literatures except for a few [47].
\4Another assumption there was that the SUSY is dominantly broken by the Polonyi field at the end of reheating so
that the definition of “gravitino” at that epoch is the same as the present-day gravitino. This assumption is valid as
long as we are interested in the gravitino production at the end of reheating. In large field inflation models, however,
the gravitino production is often dominated at the epoch just after inflation (preheating) and hence this assumption
is not justified, as we will see later.
\5 In this paper we call the present-day SUSY breaking field as Polonyi field.
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• Recent realistic large field inflation models introduce an additional chiral superfield, called
a stabilizer [28–36]. We find that in models with the stabilizer field, the production of trans-
verse gravitino is significantly suppressed and it is cosmologically harmless. For the longitu-
dinal component, the production rate is similar to the single-superfield case.
• We show the equivalence between the background field method developed in Refs. [44–46]
and the perturbative decay method developed in Refs. [21–24] for evaluating the gravitino
abundance in some sense. The former can deal with a broad class of models including Z2-
symmetric large field models, while in models without the Z2 symmetry, it gives the same
result as the perturbative decay method.
This paper is organized as follows. In Sec. 2, we review the structure of the gravitino Lagrangian
to set the stage of discussion in the subsequent Sections. We formulate a general setup to discuss
multi-superfield case. Gravitino production in the single-superfield inflation models and in the
multi-superfield inflation models are studied in Sec. 3 and Sec. 4, respectively. The analyses in-
clude both the transverse and longitudinal components of gravitino. Our conclusion is in Sec. 5,
and the gravitino abundance is summarized in Fig. 3. App. A summarizes our notations and con-
ventions. The background field method to evaluate the fermion production rate, often used in
the preheating context, is reviewed in App. B. We also briefly cover the gravitino production in
small-field inflation models in App. C in order to show the equivalence between our method and
the perturbative decay method. In App. D, we review the multi-field scalar dynamics to discuss
the induced oscillation of the Polonyi field in the main text. Calculations of mass eigenvalues are
given in App. E, which are used in Secs. 3.3 and 4.3.
2 Gravitino Lagrangian
2.1 Master supergravity Lagrangian
We start from the following supergravity Lagrangian:
e−1L =M
2
Pl
2
R − g i j¯ ∂µφi∂ µφ∗ j¯ −V
− 1
2
ψµR
µ+
1
2
ψµ

m3/2PR +m ∗3/2PL
bγµνψν
− 1
2
g i j¯

χ iL
b/Dχ j¯R +χ j¯R b/Dχ iL− 12 m i jχ iLχ jL +m i¯ j¯χ i¯Rχ j¯R
+
p
2
M Pl
g i j¯ψµbγνµχ iL∂νφ∗ j¯ +χ j¯R∂νφi+ 1p2M Pl ψ · bγv + e−1L4 f , (2.1)
where e is the determinant of the vierbein e aµ , M Pl is the reduced Planck mass, R is the Ricci
scalar,φi andφ∗i¯ are scalar fields and their complex conjugates, χ iL and χ
j¯
R are left-handed matter
fermions and their conjugate right-handed fermions, and g i j¯ = ∂i∂ j¯ K is the Kähler metric with
∂i being the derivative with respect to φi . The scalar potential V is given in terms of the Kähler
potential K and the superpotential W as
V = e K /M
2
Pl

g i j¯ Di W D j¯ W
∗− 3 |W |
2
M 2Pl

, (2.2)
3
where Di W = ∂i W +(∂i K )W /M 2Pl, and g
i j¯ is the inverse Kähler metric. The hats denote the quan-
tities in the curved space-time. The field strength of the gravitino ψµ in its kinetic term is given
by
Rµ ≡bγµρσDρψσ, (2.3)
Dµψν =

∂µ+
1
4
ωµ
abγab − i Aµγ∗

ψν −Γρµνψρ, (2.4)
where
Aµ ≡ i
4M 2Pl

∂i K ∂µφ
i − ∂i¯ K ∂µφ∗i¯ , (2.5)
is the “remnant” of the gauge field of the R-symmetry in the underlying superconformal formu-
lation, and γa is the Dirac gamma matrix in the flat space. Note that practically the Christoffel
symbol does not contribute due to the anti-symmetry of bγµρσ. The gravitino mass m3/2 and the
other fermion mass matrix m i j are respectively defined as
m3/2 ≡ e K /2M 2Pl W
M 2Pl
, (2.6)
m i j ≡ e K /2M 2Pl

∂i +
∂i K
M 2Pl

D j W − e K /2M 2PlΓki j Dk W, (2.7)
where Γki j ≡ g k l¯ ∂i g j l¯ is the Christoffel symbol in the Kähler manifold. The goldstino v is defined
as
vL ≡ e K /2M 2Pl Di Wχ iL + g i j¯ /∂ φiχ j¯R . (2.8)
The last term in Eq. (2.1),L4 f , denotes the four-fermion interactions originating from the torsion,
which we will neglect from now. We consider only gauge singlet components in this paper. For
more details on the notation and conventions used in this paper, see App. A.
The master Lagrangian (2.1) contains the gauge redundancy as well as unphysical degrees of
freedom. From now, we fix the fermionic gauge redundancy by taking the unitary gauge
v = 0, (2.9)
and integrate out the unphysical degrees of freedom to obtain the physical Lagrangian. In order to
do so, we should first find constraint equations, and solve them to express the unphysical degrees
of freedom in terms of the physical degrees of freedom, i.e., the transverse and longitudinal modes
of the gravitino. Below we give the outline of this procedure. For more details, see Ref. [44]. In
the following, we assume that the scalar fields are real for simplicity, and hence m ∗3/2 =m3/2 and
Aµ = 0.
Constraint equations
In the unitary gauge, the equations of motion for the gravitino are given by
Σµ ≡Rµ− bγµν m3/2ψν − p2
M Pl
g i j¯

χ iL∂νφ
∗ j¯ +χ j¯R∂νφi

= 0. (2.10)
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From these equations, we can verify that the following equations do not contain the time deriva-
tives with respect to the gravitino, and hence are constraints:
0=DµΣµ+
m3/2
2
bγµΣµ, (2.11)
0=Σ0. (2.12)
The first constraint (2.11) can be solved to giveψ0 in terms of ~ψ, χ iL and χ
j¯
R . Practically, however,
we do not need to know the explicit solution forψ0. This is because the Lagrangian (2.1) without
L4 f depends only linearly on ψ0, and hence ψ0 contributes to the Lagrangian with a combina-
tion of ψ0Σ0. Thus, it automatically drops from the Lagrangian once we impose the second con-
straint (2.12). For this reason, we concentrate only on the second constraint (2.12), which relates
~k · ~ψ and ~γ · ~ψ.
So far we took the background metric to be generic. From now on, we take it to be the Friedmann-
Lemaître-Robertson-Walker (FLRW) one,
ds 2 =−dt 2+a 2(t )d~x 2 = a 2(η)(−dη2+d~x 2), (2.13)
with a being the scale factor, since we are interested in the gravitino production in the cosmolog-
ical background. We also decompose the gravitino as
~ψ= ~ψt +

1
2
~γ− 1
2k 2
~k

~k ·~γψ`+ 3
2k 2
~k − 1
2k 2
~γ

~k ·~γ~k · ~ψ, (2.14)
where the longitudinal mode is ψ` ≡ ~γ · ~ψ and the transverse mode satisfies ~γ · ~ψt = ~k · ~ψt = 0,
respectively. Here we have moved to the momentum space. Then, we can solve the second con-
straint (2.12) to obtain ~k · ~ψ in terms ofψ` as
i~k · ~ψ= i~γ · ~k −a  m3/2+γ0Hψ`, (2.15)
where H ≡ a˙/a is the Hubble parameter.\6 This relation ensures thatψ` is actually “longitudinal”.
By substituting it to the original Lagrangian and sorting things out, we obtain the Lagrangian for
the physical gravitino ~ψt andψ`. Its explicit form will be shown in the next subsection.
2.2 Lagrangian of physical gravitino
The gravitino Lagrangian in terms of the physical degrees of freedom is given by
e−1L3/2 =e−1Lt + e−1L`+ e−1Lmix, (2.16)
where the first two terms correspond to the kinetic and mass terms of the transverse and longitu-
dinal gravitino, respectively:\7
e−1Lt =− 1
2a 3
~ψt /D ~ψt +
H
2a 2
~ψt γ0 ~ψt − 1
2a 2
~ψt m3/2 ~ψ
t , (2.17)
\6 In this paper, the dot denotes the derivative with respect to time t while ∂0 represents the derivative with respect
to conformal time η.
\7 Here we keep terms which are exactly zero due to the Majorana property (e.g., ψ¯γ0ψ= 0), in order for the combi-
nations which appear in the equations of motion to be manifest.
5
and
e−1L` =− ρSB
4a k 2M 2Pl
ψ`

γ0∂0+

i~γ · ~k bA − 3a
2

m3/2+Hγ0
 bA − 1
2
a m3/2

ψ`. (2.18)
The last term represents the mixing between the longitudinal gravitino and chiral fermions:
e−1Lmix =
p
2
a 2M Pl
ψ`γ0 g i j¯
h
(∂0φi )χ
j¯
R +(∂0φ
∗ j¯ )χ iL
i
. (2.19)
Note that the transverse mode does not mix with chiral fermions. Here we have defined
bA ≡ pSB−γ0pW
ρSB
, (2.20)
ρSB ≡
∑
i
|φ˙i |2+VSB, VSB ≡V +3m 23/2M 2Pl =
∑
i
|Fi |2, (2.21)
pSB ≡
∑
i
|φ˙i |2−VSB, pW ≡ 2m˙3/2M 2Pl =−
∑
i
(φ˙∗i Fi + φ˙i F
∗
i ), (2.22)
where the SUSY breaking F -term is defined as F i =−e K /2M 2Pl g i j¯ D j¯ W ∗, for the minimal Kähler po-
tential.\8 The bA is an important combination whose phase rotation gives rise to gravitino produc-
tion as we will see below. The VSB, ρSB and pSB can be interpreted as the potential energy, energy
density and pressure of the matter components which break SUSY while pW measures the time
variation of the gravitino mass, which can also be expressed like the “geometric average” of the
SUSY breaking kinetic and potential energies. Here and in what follows, we assume the reality of
dynamical scalar fields for simplicity (and accordingly, the difference between the subscript and
superscript of the field index disappears). Actually, if the parameters in the Kähler and superpoten-
tials are all real and the initial condition of the fields is taken to be real, the subsequent dynamics
does not affect the reality of scalar fields. The Friedmann equation reads
3H 2M 2Pl =ρ =
∑
i
|φ˙i |2+V. (2.23)
Here ρ is the energy density of the system. Note that ρSB is the energy density associated with
SUSY breaking, which differs from ρ. It also means that
3(H 2+m 23/2)M
2
Pl =ρSB. (2.24)
Now let us rewrite these Lagrangians in terms of the canonical field for later convenience. The
Lagrangian of the transverse mode in terms of the canonical field ~ψtc ≡pa ~ψt is given by\9
Lt =−1
2
~ψtc

γ0∂0+ i~γ · ~k +a m3/2 ~ψtc. (2.25)
Note that the mass of the order of the Hubble scale disappears reflecting the conformal invariance.
Thus it does not “feel” the Hubble expansion, meaning that the oscillation/non-adiabatic change
\8 In this paper the “minimal” Kähler potential means K i j¯ ' δi j¯ . Adding a holomorphic function in K does not
change the results. Note that the minimal shift-symmetric Kähler potential (K =−(φ−φ†)2/2) also satisfies K i j¯ =δi j¯ .
Also we will introduce a higher order Kähler potential like K ∼ |z |4/Λ2 for a Polonyi field z , but it does not affect the
discussion as long as the field value of z is small enough.
\9 Note that /Dψ= ( /∂ + 3
2
a Hγ0)ψ and ψ¯γ0ψ= 0 for a Majorana fermionψ.
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of the Hubble parameter does not lead to the production of transverse gravitino. On the other
hand, the gravitino mass m3/2 oscillates rapidly in the inflaton oscillation epoch, which inevitably
leads to significant gravitino production.
As for the longitudinal mode, let us rewrite the Lagrangian by using the canonical field
ψ`c ≡−
p
ρSBa 3/2p
2k 2M Pl
i

~γ · ~kψ`, (2.26)
as
L` =−1
2
ψ`c

γ0∂0− i ~γ · ~k bA†+acm3/2ψ`c, (2.27)
and
Lmix =2a
1/2
p
ρSB
ψ`ci

~γ · ~kγ0 g i j¯ h(∂0φi )χ j¯R +(∂0φ∗ j¯ )χ iLi
=
2p
ρSB
ψ`ci

~γ · ~kγ0 g i j¯ hφ˙iχ ′ j¯R + φ˙∗ j¯χ ′iLi . (2.28)
In the second equality, chiral fermions in the original supergravity Lagrangian χ i are rescaled
as χ ′i ≡ a 3/2χ i and the prime is dropped in the following discussion so that their kinetic terms
become L f = −g i j¯ (χ j¯L /∂ χ iL + χ iR /∂ χ j¯R )/2 without explicit dependence on the scale factor a . In
Eq. (2.27), we have defined the generalized gravitino mass term,
cm3/2 ≡ 3HpW +m3/2(ρSB+3pSB)
2ρSB
, (2.29)
which is of the order of cm3/2 ∼ O (H ) +O (m3/2). In the Lagrangian, the coefficient bA as well as the
gravitino mass m3/2 oscillates rapidly. The whole structure is slightly complicated, especially in the
multi-superfield case. However, in almost all the situations of our interest, the SUSY breaking is
dominated by one field and the problem effectively reduces to the single-superfield case, in which
the analysis is significantly simplified.
2.3 The case of only one chiral superfield
In order to illustrate the structure of the theory, first let us focus on the single-superfield case. In
this case, we have a relation
| bA |2 = p 2SB+p 2W
ρ2SB
= 1. (2.30)
Therefore we can take − bA ≡ e 2γ0θ with θ being a real parameter. Then by defining ψ`c′ ≡ e−γ0θψ`c
(and dropping the prime thereafter) the Lagrangian is simplified as
L` =−1
2
ψ`c

γ0∂0+ i~γ · ~k − ∂0θ +acm3/2ψ`c. (2.31)
The remaining task is to calculate ∂0θ = a θ˙ .\10 By using the condition (2.30), we obtain
θ˙ =
1
2
ρSBp˙SB− ρ˙SBpSB
pWρSB
. (2.32)
\10 In the single-superfield case, there is no mixing termLmix because there is only one chiral fermion χ except for
the gravitino, and it must be proportional to the goldstino v that vanishes (v = 0) in the unitary gauge.
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From the energy conservation conditions etc., we obtain\11
θ˙ =− V˙
pW
− 3m3/2|φ˙|2
ρSB
− 6H |φ˙|2VSB
pWρSB
. (2.33)
Substituting the explicit expression of θ˙ , we obtain
L` =−1
2
ψ`c

γ0∂0+ i~γ · ~k + a V˙
pW
+
3a HpW
ρSB
+a m3/2

2+
3pSB
ρSB

ψ`c. (2.34)
Below we estimate behavior of the mass term in typical one-field dominated cases.
2.3.1 Inflaton-dominated SUSY breaking
Let us consider the case where the inflaton φ dominates the SUSY breaking. As we will see later,
if the energy density of the universe is dominated by the inflaton oscillation, and H  m 03/2, the
SUSY is dominantly broken by the inflaton superfield. The Kähler potential and superpotential are
assumed to be
K = |φ|2, (2.35)
W =
1
2
mφφ
2. (2.36)
Up to correction with O (φ2/M 2Pl), we obtain
Vφ 'mφ(mφ +5m3/2)φ, (2.37)
pW ' 2(mφ +2m3/2)φφ˙, (2.38)
where m3/2 'mφφ2/(2M 2Pl). Note that we have assumed the reality of φ-dynamics to derive those
expressions. Substituting these equations intoL`, we obtain\12
L` =−1
2
ψ`c

γ0∂0+ i~γ · ~k +a mφ + 3a HpW
ρSB
+a m3/2

5+
3pSB
ρSB

ψ`c. (2.39)
It obtains a mass of the order of the inflatino mass, as expected.\13 Note that in the inflaton-
dominated SUSY breaking case, we roughly have ρSB ∼ |pSB| ∼ |pW |. Especially pSB and pW are
violently oscillating functions with frequency of twice the inflaton oscillation, and m3/2 itself is
also an oscillating function. Thus, both terms proportional to H and m3/2 contribute to the pro-
duction of longitudinal gravitino.
For the superpotential with a higher power,
W =
1
n
λφn , (2.40)
with n > 2, we obtain
Vφ ' (n −1)λ2φ2n−3

1+
n +3
n
φ2
M 2Pl

, (2.41)
pW ' 2λφn−1φ˙

1+
n +2
2n
φ2
M 2Pl

, (2.42)
\11 Useful equations are: ρ˙ =−6H |φ˙|2, ρ˙SB = ρ˙+3m3/2pW , p˙SB = ρ˙−2V˙ −3m3/2pW .
\12 Note that V˙ =Vφφ˙+Vφ∗φ˙∗ = 2Vφφ˙ for realφ. Here Vφ should be regarded as ∂φV (φ,φ∗).
\13 This expression is consistent with Eq. (9.15) of [44].
8
up to corrections with O (φ2/M 2Pl). The Lagrangian of the longitudinal gravitino becomes
L` =−1
2
ψ`c

γ0∂0+ i~γ · ~k +a (n −1)λφn−2+ 3a HpW
ρSB
+a m3/2

n (n +3)
2
+
3pSB
ρSB

ψ`c, (2.43)
where m3/2 ' λφn/(nM 2Pl). Note that n = 2 reproduces the above result (2.39). In this case with
general n , the longitudinal gravitino obtains a mass of∼λφn−2, which is rapidly oscillating. Other
terms proportional to H and m3/2 are suppressed by φ/M Pl and φ2/M 2Pl, respectively. Therefore,
the mass term of∼λφn−2 contributes to the gravitino production dominantly and it is much more
efficient than the case of n = 2.
When we start from the minimal shift-symmetric Kähler potential, K ⊃−(φ−φ†)2/2, the quali-
tative discussion is maintained. The only differences in the final expressions of the Lagrangian are
that 5 and n (n+3)/2 in the last parenthesis in Eqs. (2.39) and (2.43) respectively are both replaced
with −1.
2.3.2 Polonyi-dominated SUSY breaking
Now let us consider the case that the Polonyi field z dominates the SUSY breaking as in the present
universe. In a cosmological setup, this approximation is valid at H m 03/2. The Kähler potential
and superpotential are assumed to be
K = |z |2− |z |4
Λ2
, (2.44)
W =µ2z +W0. (2.45)
In the present paper, we always implicitly assume a dynamical SUSY breaking scenario [48–52]
in which the Polonyi field z obtains a large SUSY breaking mass, represented by the nonminimal
Kähler potential.\14 In this model we obtain
Vz 'm 2z z −2
p
3(m 03/2)
2M Pl =m 2zδz , (2.46)
pW ' 2µ2z˙ = 2p3m 03/2M Plz˙ , (2.47)
where the mass of the Polonyi field is given by m 2z = 12(m
0
3/2M Pl/Λ)
2 ( (m 03/2)2) and its VEV is〈z 〉 ' 2p3M Pl(m 03/2/mz )2 and δz ≡ z − 〈z 〉 with m 03/2 ' µ2/p3M Pl ' W0/M 2Pl. Substituting these
equations intoL`, we obtain a simple expression:
L` =−1
2
ψ`c
γ0∂0+ i~γ · ~k +a  −m 03/2+ m 2zp3m 03/2M Plδz
!ψ`c . (2.48)
Here we keep relevant terms in the limit δz → 0, in which we have pSB/ρSB ' −1, |pW |  ρSB,
etc. One can see that ψ` obtains a mass of m 03/2 as expected. The last term is responsible for
the Polonyi decay into the longitudinal gravitino pair and it is clear that there is an enhancement
of ∼ (3mz/m 03/2)2 for the Polonyi decay rate into the longitudinal mode compared with that into
the transverse mode. We have omitted the Hubble mass term since it is suppressed by the ratio
pW /ρSB. This is because, in the limit δz → 0, the F term of z does not contribute to the Hub-
ble expansion owing to the requirement that the cosmological constant in the present vacuum is
(almost) zero.
\14 Otherwise, the cosmological Polonyi problem is much more serious than the gravitino overproduction prob-
lem [53–55]. Also we assume that dynamical SUSY breaking already occurred during inflation for simplicity.
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2.4 The case of several chiral superfields
2.4.1 General argument
Let us consider the multi-field case φi (i = 1, . . . N ). We want to express all N chiral fermions χi in
terms of the goldstino v and those orthogonal to it. In this setup, the goldstino is given by \15
vL =
∑
i
È
ρiSB
ρSB
vi L ≡
∑
i
αi vi L , (2.49)
where
vi L ≡ 1p
ρiSB
−F ∗i χi L + φ˙iγ0χi R≡ cosθi χi L + sinθi γ0χi R , (2.50)
and
ρiSB ≡ |φ˙i |2+ |Fi |2. (2.51)
Note that
∑
i α
2
i = 1. These are left-handed spinors as indicated by the subscript L. The right-
handed counterparts are similarly given by
vi R ≡ 1p
ρiSB
−Fiχi R + φ˙∗i γ0χi L= cosθi χi R + sinθi γ0χi L , (2.52)
where we have assumed scalar fields are real. It is convenient to define the Majorana spinor χi =
χi L +χi R , v = vL +vR , etc. Then we have
v =
∑
i
αi (cosθi + sinθi γ0)χi =
∑
i
αi e
γ0θi χi . (2.53)
Similarly there are N − 1 fermions v I⊥ (I = 1, . . . N − 1) orthogonal to the goldstino. Defining an
N -component vector vi ≡ (v, v I⊥) (i = 1, . . . , N ), it can be expressed as
vi =

OT

i j
e γ
0θjχj ↔ χi = e−γ0θi Oi j v j , (2.54)
where O is an N ×N orthogonal matrix and OT is its transpose, whose first row is determined by
Eq. (2.53) as
OT =

α1, . . . ,αNeOT

, (2.55)
with eOT being an (N − 1)×N matrix that satisfies eOT eO = 1(N−1)×(N−1) from the orthogonality and
normalization conditions of v I⊥. Also, this matrix fulfills 0=αi eOi J .
Using these elements defined above, we can express all terms in the Lagrangian including
fermions with v I⊥ in the unitary gauge v = 0. The fermion mass term becomes
L f ,mass =−a
2
χi m i jχj =−a
2
v I⊥
 eOTI i e γ0θi m i j e−γ0θj eOj Jv J⊥. (2.56)
\15 Hereafter, the goldstino v is canonically normalized. Namely, the v in Sec. 2.1 is multiplied by a 3/2/
p
ρSB.
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The fermion kinetic term becomes
L f ,kin =−1
2
v I⊥

γ0∂0δI J + eOTI i e γ0θi i ~γ · ~ke−γ0θi eOi J + eOTI i (∂0θi ) eOi J + eOTI i γ0∂0 eOi Jv J⊥. (2.57)
The gradient term seems curious. However, by taking into account the mixing ofψ`c and v
I⊥, it can
be diagonalized. In particular, the off-diagonal gradient term ofψ`c and v⊥ comes fromLmix. The
longitudinal gravitino-fermion mixing term (2.28) is rewritten in a simple form as
Lmix = 2ψ`c i

~γ · ~kγ0∑
i
αi sinθi χi
= 2ψ`c i ~γ · ~kγ0αi sinθi e−γ0θi eOi I v I⊥. (2.58)
The quantity bA (2.20) is also expressed asbA =−∑
i

cos(2θi )+γ0 sin(2θi )

α2i =−
∑
i
e 2γ
0θiα2i . (2.59)
It is easily checked that | bA |2 = 1 in the single-field case. Combined with the gravitino kinetic term
(2.27) andLmix, we obtain a matrix form of the gradient term:
Lgrad =−1
2

ψ`c v⊥

i~γ · ~k cA ψ`c
v⊥

, (2.60)
where
cA = − bA† αi e−2γ0θi eOi JeOTI iαi e−2γ0θi eOTI i e−2γ0θi eOi J

. (2.61)
Here and hereafter we suppress the indices of v⊥ for brevity. This can be written ascA =OT diage−2γ0θi O. (2.62)
It is easily seen that | cA |2 = 1 and hence cA can be regarded as a generalization of bA in the single-
field case. This leads us to define an N ×N matrix bθ such that cA ≡ e−2γ0 bθ . Then we have
e±γ0 bθ =OT diage±γ0θi O. (2.63)
Therefore we can diagonalize the gradient term by using the rescaled field
ψ`c
′
v ′⊥

≡ e−γ0 bθ

ψ`c
v⊥

. (2.64)
Using this basis, the kinetic term of ψ`c
′ and v ′⊥ is completely diagonal. On the other hand, this
transformation yields the mass mixing between them. After all, we finally obtain the Lagrangian
of the gravitino-fermion system written only by the physical degrees of freedom as
L =−1
2

ψ`c
′ v ′⊥

γ0∂0+ i~γ · ~k +aMψ`c′v ′⊥

, (2.65)
where
M = e−γ0 bθ
γ0 ∂
∂ t
+
 cm3/2 0
0 eOT cm f + θ˙i +γ0 e˙O eOT eO
!e γ0 bθ , (2.66)
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with
cm f ≡ e γ0θi m i j e−γ0θj . (2.67)
For later convenience, we can also estimate θ˙i as
θ˙i =
1
Fi

−φ¨i + φ˙i ρ˙
i
SB
2ρiSB

=
∂φi V
Fi
− 3m3/2φ˙
2
i
ρiSB
+
3Hφ˙i Fi
ρiSB
, (2.68)
which is of the order of ∼O (mφi )+O (m3/2)+O (H ). It is also conveniently expressed as
θ˙i =
∂φi V
Fi
−m3/2−cm i3/2, (2.69)
where we have decomposed
cm3/2 =∑
i
α2i cm i3/2, cm i3/2 ≡ 3Hp iW +m3/2(ρiSB+3p iSB)2ρiSB , (2.70)
where
p iSB ≡ |φ˙i |2− |Fi |2, p iW ≡−(φ˙∗i Fi + φ˙i F ∗i ). (2.71)
Note that (ρiSB)2 = (p
i
SB)2+ |p iW |2. This is a generalization of the single-field case (2.33).
Note that there are off-diagonal antisymmetric mass terms proportional to γ0. This part can be
removed with a transformation by an orthogonal matrix as described in Sec. 3.2 of Ref. [46], and
hence does not contribute to the mass eigenvalues.
2.4.2 Two-field example
Now let us consider the two-field case, which is used in Sec. 3. In this case, after removing the
goldstino v in the unitary gauge, there remains only one fermion v⊥ other than the gravitino. The
orthogonal matrix O and eO are easily found to be
O =

α1 −α2
α2 α1

, eO =−α2
α1

. (2.72)
The goldstino and the fermionic degree of freedom orthogonal to the goldstino v are,
v
v⊥

=

α1 α2
−α2 α1

e γ0θ1 0
0 e γ0θ2

χ1
χ2

, (2.73)
which is inversely solved as
χ1
χ2

=

α1e−γ0θ1 −α2e−γ0θ1
α2e−γ0θ2 α1e−γ0θ2

v
v⊥

=
−α2e−γ0θ1 v⊥
α1e−γ0θ2 v⊥

. (2.74)
In the last equality, we have taken the unitary gauge v = 0. First, the fermion mass term becomes
L f ,mass =−1
2
χ¯i a m i jχj =−1
2
v⊥a m f v⊥, (2.75)
m f ≡α22m11+α21m22−2α1α2m12 cos(θ1−θ2). (2.76)
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We can substitute this expression into the fermion kinetic term:
L f ,kin =−1
2
 
χ¯1 /∂ χ1+ χ¯2 /∂ χ2

=−1
2

v⊥γ0∂0v⊥+v⊥

α22e
2γ0θ1 +α21e
2γ0θ2

γi∂i v⊥
− 1
2
v⊥a

α22θ˙1+α
2
1θ˙2

v⊥. (2.77)
The matrix of the gradient term is given by
−1
2

ψ`c v⊥

i

~γ · ~k cA ψ`c
v⊥

, (2.78)
where cA is a 2×2 matrix defined by
cA = α21e−2γ0θ1 +α22e−2γ0θ2 −α1α2 e−2γ0θ1 − e−2γ0θ2−α1α2 e−2γ0θ1 − e−2γ0θ2 α22e−2γ0θ1 +α21e−2γ0θ2

. (2.79)
As noted earlier, the matrix cA may be regarded as a generalization of bA. We can express cA ascA = e−2γ0 bθ with bθ being a real symmetric matrix. Therefore we can diagonalize the gradient term
by redefining the fields as in Eq. (2.64). Explicitly,
bθ = α21θ1+α22θ2 −α1α2(θ1−θ2)−α1α2(θ1−θ2) α22θ1+α21θ2

, (2.80)
and
e γ
0 bθ =

α21e
γ0θ1 +α22e
γ0θ2 −α1α2 e γ0θ1 − e γ0θ2
−α1α2 e γ0θ1 − e γ0θ2 α22e γ0θ1 +α21e γ0θ2

. (2.81)
After the diagonalization of the gradient term, the full fermionic Lagrangian becomes
L f =−1
2

ψ`c
′ v⊥′

γ0∂0+ i~γ · ~k +aMψ`c′v⊥′

, (2.82)
whereM denotes the mass matrix given by
M = e−γ0 bθ

γ0
∂
∂ t
+
cm3/2 0
0 α22θ˙1+α
2
1θ˙2+m f

e γ
0 bθ . (2.83)
Clearly, in the single-field dominance limit α1  α2 or α2  α1, the off-diagonal elements are
suppressed by the ratioα2/α1 orα1/α2. Therefore the mixing betweenψ`c and v⊥ is also suppressed
by this ratio, and in this limit we effectively recover the single field case studied in Sec. 2.3.
An explicit expression for the mass matrixM =M1+M2 is given by
M1 ≡e−γ0 bθγ0 ∂
∂ t
e γ
0 bθ , (2.84)
(M1)11 =−α21θ˙1−α22θ˙2−2α1α˙1 sin(θ1−θ2),
(M1)12 =α1α2(θ˙1− θ˙2)+ (α1α˙2+α2α˙1)sin(θ1−θ2)− (α1α˙2−α2α˙1)(1− cos(θ1−θ2))γ0,
(M1)21 =α1α2(θ˙1− θ˙2)+ (α1α˙2+α2α˙1)sin(θ1−θ2)+ (α1α˙2−α2α˙1)(1− cos(θ1−θ2))γ0,
(M1)22 =−α22θ˙1−α21θ˙2−2α2α˙2 sin(θ1−θ2),
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and
M2 ≡e−γ0 bθdiagcm3/2, m f +α22θ˙1+α21θ˙2e γ0 bθ , (2.85)
(M2)11 =1−2α21α22 (1− cos(θ1−θ2))cm3/2+2α21α22 (1− cos(θ1−θ2)) (m f +α22θ˙1+α21θ˙2),
(M2)12 =α1α2 (α21−α22) (1− cos (θ1−θ2))+γ0 sin (θ1−θ2)(m f +α22θ˙1+α21θ˙2)−cm3/2 ,
(M2)21 =α1α2 (α21−α22) (1− cos (θ1−θ2))−γ0 sin (θ1−θ2)(m f +α22θ˙1+α21θ˙2)−cm3/2 ,
(M2)22 =2α21α22 (1− cos(θ1−θ2))cm3/2+1−2α21α22 (1− cos(θ1−θ2)) (m f +α22θ˙1+α21θ˙2).
As mentioned above, the terms proportional to γ0 do not affect the mass eigenvalues.
3 Gravitino production in single-superfield inflation
Let us consider the two-field case, in which there are two chiral superfields: inflatonφ and Polonyi
z . Their fermionic components are denoted by eφ and ez , respectively. The Kähler and superpoten-
tial are assumed to be
K =−1
2
(φ−φ†)2+ |z |2− |z |4
Λ2
, (3.1)
W =
1
2
mφφ
2+µ2z +W0. (3.2)
Although we have imposed an approximate shift symmetryφ→φ+c with c being a real constant,
almost all the following arguments do not depend on this specific choice of the Kähler potential
as long as Kφφ¯ ' 1. Without loss of generality, we can take all the coupling constants real and
positive. In the present vacuum, φ = 0 and 〈z 〉 ' 2p3M Pl(m 03/2/mz )2 where m 2z = 12(m 03/2M Pl/Λ)2.
Here m 03/2 ' µ2/p3M Pl ' W0/M 2Pl is the gravitino mass in the present universe. We focus on the
case with the Z2 symmetry in which there is no linear term in the Kähler potential and the inflaton
oscillates aroundφ = 0. The case without the Z2 symmetry will be discussed in Sec. 3.5.
One should note that this theory does not lead to successful chaotic inflation: the simple
power-law behavior of the inflaton potential V ' m 2φ |φ|2 is ensured only at the sub-Planckian
field range |φ| ® M Pl. Therefore we need to carefully choose the Kähler and/or superpotential to
modify the potential at large field value for successful inflation [56–64]. However, we are interested
in the behavior after inflation with sub-Planckian field value, and hence such modifications on the
potential at large field value do not significantly affect the following discussion.
3.1 Dynamics
First let us briefly summarize the scalar dynamics in the present model. The inflaton dynamics
is so simple that the inflaton φ just oscillates around the origin φ = 0 along the axis of Reφ after
inflation. The oscillation amplitudeφamp decreases asφamp ∝ a−3/2 ∼ t −1 until it completely decays
and the universe is reheated.
The z dynamics is slightly complicated. The oscillation of z is directly induced by the inflaton
dynamics through the potential term
V ⊃ µ2mφφ
M 2Pl

Kφ¯ −φ

z ∗+h.c.'−3m 03/2H |φ|
2z ∗
φamp
+h.c. (3.3)
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Figure 1: Left: Time dependence of mφ , H and m3/2 in single superfield inflation model. Right: Time
evolution of mass eigenvalues of (ψ`, v⊥) are shown by thick solid lines. The red (blue) segments show that
the main composition of the mass eigenstate isψ` (v⊥). Dashed and dot-dashed lines showM22 andM11,
respectively.
Although this term is not regarded as a “mixing” betweenφ and z formally, it inevitably induces a
coherent oscillation in the z direction whenφ has a finite oscillation amplitude. In that sense, this
may be viewed as an effective mixing term betweenφ and z , with the mixing angle of\16
θφz ∼

m 03/2H
m 2φ
for mz <mφ,
m 03/2H
m 2z
for mz >mφ.
(3.4)
As shown in App. D, the induced amplitude of z can be estimated as z (ind)amp ∼ θφzφamp. This nonzero
amplitude of z may contribute to the longitudinal gravitino production as will be shown later. Note
that this “induced” oscillation of z always exists even for mz Hinf. It can be interpreted as a result
of tilted axis of the oscillation on (φ, z ) plane due to the effective mixing term (3.3), hence it is just
a small mixture of the z into dominantlyφ oscillation.
On the other hand, if mz Hinf, there is another oscillation mode which dominantly consists
of the z direction, which occurs at H ∼ mz . This is roughly the oscillation along the light mass
eigenstate, which mostly consists of z . If mz  Hinf, the adiabatic suppression of the coherent
oscillation works [65, 66] and the non-induced oscillation is safely neglected. Therefore, taking
account of the Hubble expansion, the oscillation amplitude is given by [26]
z (non−ind)amp '

〈z 〉

a (tosc)
a (t )
3/2
=
2
p
3(m 03/2)
2M Pl
m 2z

a (tosc)
a (t )
3/2
for mz Hinf,
0 for mz Hinf,
(3.5)
\16 As is clear from Eq. (3.3), the mixing term of Eq. (3.4) vanishes for a quadratic superpotential W ∝ φ2 and the
minimal Kähler potential K = |φ|2.
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where a (tosc) denotes the scale factor at H =mz . The resultant oscillation amplitude is the sum of
the induced one and the non-induced one:
z amp ∼ z (ind)amp + z (non−ind)amp . (3.6)
The effect of the non-induced one (3.5) on the gravitino production was considered in Refs. [26,67]
and we mainly focus on the effect of the induced one.
3.2 Transverse component
First let us evaluate the transverse gravitino production rate. The Lagrangian is given by Eq. (2.25),
and the rapid oscillation of the mass m3/2 contributes to the gravitino production. The oscillating
part of the gravitino mass is given by m3/2 'mφφ2/2M 2Pl. A schematic picture of the time evolution
of m3/2, H and mφ is shown in the left panel of Fig. 1. Hence, as shown in App. B, we obtain the
effective “annihilation” rate of the inflaton as
Γ(φφ→ψtψt )' C
16pi
φ2amp
M 2Pl
m 3φ
M 2Pl
' 3C
16pi
H 2mφ
M 2Pl
, (3.7)
whereC is a numerical constant of order unity. We takeC = 1 as a reference [See Eq. (B.29)]. Since
mφ ¦m3/2 always holds after inflation, this process is kinematically accessible.\17 This production
rate is comparable to the gravitational particle production rate of a minimal scalar field [68, 69],
although the gravitino is actually conformal in the massless limit. Note that since the transverse
mode does not have mixing with any other fermion, the transverse mode produced in any epoch
eventually becomes the present gravitino.
Since the amplitudeφamp is rapidly decreasing with respect to the cosmic expansion, the trans-
verse gravitino production becomes less and less effective as time goes on. This is shown by check-
ing that the gravitino number density produced per Hubble time,
ρφ
mφ
Γ(φφ→ψtψt )
H
, (3.8)
decreases faster than a−3, or Γ(φφ →ψtψt ) decreases faster than H . Thus the dominant contri-
bution comes from those created within a few inflaton oscillation just after inflation. The present
gravitino abundance is estimated as
n (t )3/2
s
'

Γ(φφ→ψtψt )
H

H=Hinf
3TR
4mφ
' 9C
64pi
HinfTR
M 2Pl
' 8×10−16C

Hinf
1013 GeV

TR
1010 GeV

, (3.9)
where TR is the reheating temperature and Hinf denotes the Hubble scale at the end of inflation.
This is about three orders of magnitude smaller than the contribution from thermal production.
\17 Gravitinos produced in this way become more and more relativistic as the gravitino mass m3/2 becomes smaller
due to the cosmic expansion. For most cases, it eventually becomes non-relativistic before it decays.
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3.3 Longitudinal component
Next let us consider the production of longitudinal gravitino. As already mentioned in Sec. 2, we
must be careful on the mixing with fermions to correctly treat the production and evolution of the
longitudinal gravitino.
In the present case, there is one physical fermionic degree of freedom v⊥ in the matter sector,
and it mixes with the longitudinal gravitino. The goldstino is given by
v =
1p
ρSB
Æ
ρ
φ
SBvφ +
p
ρzSBvz

, (3.10)
where
vφ ≡ 1Æ
ρ
φ
SB
−Fφ + φ˙γ0 eφ, ρφSB ≡ |φ˙|2+ |Fφ |2, (3.11)
vz ≡ 1p
ρzSB
−Fz + z˙γ0 ez , ρzSB ≡ |z˙ |2+ |Fz |2. (3.12)
Note again that we have assumed that scalar fields have real values: this is justified since we have
taken all model parameters and also the initial condition during inflation real. In the unitary
gauge, v is set to be zero. The remaining fermionic degree of freedom is that orthogonal to the
goldstino,
v⊥ =
1p
ρSB

−pρzSBvφ +ÆρφSBvz . (3.13)
As a rough estimation, we have
|φ˙| ∼ |Fφ | ∼mφφamp ∼HM Pl, |Fz | ∼µ2 ∼m 03/2M Pl |z˙ |, (3.14)
m3/2 ' mφφ
2
2M 2Pl
+m 03/2 ∼HφampM Pl +m
0
3/2, (3.15)
whereφamp denotes the amplitude of inflaton oscillation. Thus we have
v ∼
( eφ for H ¦m 03/2ez for H ®m 03/2 , v⊥ ∼
(ez for H ¦m 03/2eφ for H ®m 03/2 . (3.16)
Hence z begins to dominate the SUSY braking at H ∼ m 03/2 while the gravitino mass becomes
dominated by the present value earlier. Therefore, whenever H ®m3/2, we have m3/2 =m 03/2.
The Lagrangian of the longitudinal gravitino and fermion system is found in Sec. 2.4 as
L f =−1
2

ψ`c
′ v⊥′

γ0∂0+ i~γ · ~k +aMψ`c′v⊥′

, (3.17)
where M denotes the mass matrix defined in Eq. (2.83). Identifying 1 → φ and 2 → z in the
notation of Sec. 2.4,M is roughly estimated as
M '

mφ (m 03/2/H )mφ
(m 03/2/H )mφ m f

'

mφ (m 03/2/H )mφ
(m 03/2/H )mφ (m
0
3/2/H )
2mφ

, (3.18)
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for H ¦m 03/2 and
M '

(H/m 03/2)
2mφ (H/m 03/2)mφ
(H/m 03/2)mφ m f

'

(H/m 03/2)
2mφ (H/m 03/2)mφ
(H/m 03/2)mφ mφ

, (3.19)
for H ®m 03/2, where the first '’s involve a similarity transformation of the matrix. The analysis in
App. E shows that the determinant ofM is
detM '−m3/2m f '−α22mφm3/2, (3.20)
where m f is defined in Eq. (2.76), and α2 ∼min[m 03/2/H , 1]whereas the trace ofM is
TrM 'mφ. (3.21)
Therefore the mass eigenvalues read

mheavy, m light
'


mφ, −m3/2(m 03/2/H )2

for H ¦m 03/2
mφ, −m3/2

for H ®m 03/2
. (3.22)
A more detailed derivation of this result is given in App. E. The right panel of Fig. 1 shows the
schematic picture of the time evolution of the mass matrix structure. What we regard as the
“present gravitino” is the light eigenstate at the late epoch (H m 03/2) which is mainly composed
ofψ`c. The heavy mass eigenstate at the late epoch (v⊥ ∼ eφ), on the other hand, is regarded as the
inflatino. In principle, there are two contributions to the final gravitino abundance.
• The heavy mass eigenstate produced at the early epoch (H  m 03/2) converts into the light
mass eigenstate (the present gravitino) at the late epoch.
• Almost all the light mass eigenstate produced at the early or late epoch becomes the present
gravitino.
However, the former contribution is negligible for the following reason. From the structure of the
mass matrix, the mixing angle betweenψ`c and v⊥ is about
θψ`c−v⊥ ∼min

m 03/2
H
,
H
m 03/2

, (3.23)
and we always find θ˙ψ`c−v⊥ ∼ Hθψ`c−v⊥ mφ, meaning that the time evolution of the mixing is al-
ways adiabatic. Therefore we can neglect the conversion of the heavy mass eigenstate produced
at the early epoch (dominantly ψ`c) into the light mass eigenstate at the late epoch (again domi-
nantlyψ`c).
\18 Below we analyze the production of the light mass eigenstate and compute the final
longitudinal gravitino abundance. Also we will comment on the production of the heavy mass
eigenstate.
\18 The produced heavy mass eigenstate eventually becomes the inflatino (v⊥ ' eφ) [45, 46].
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Early epoch : H >m 03/2
At the early epoch H >m 03/2, the light mass eigenstate is almost v
′⊥(∼ ez ). It eventually becomes the
present longitudinal gravitino at the later epoch as seen in Fig. 1. Thus we estimate the production
rate of v⊥ in this epoch to derive the final longitudinal gravitino abundance. Taking the limitα2 1
in the general two-field Lagrangian (2.83), we have
Lv⊥ '−12v ′⊥

γ0∂0+ i~γ · ~k +a m lightv ′⊥, (3.24)
where
m light '−m3/2

m 03/2
H
2
+
m 2zp
3m 03/2M Pl
δz . (3.25)
A very important note here is that m3/2 appearing in m light does not contain an oscillating part of
the order of pSB/ρSB ∼ O (1) despite that cm3/2 contains such a violently oscillating part. Actually
a careful calculation of the mass eigenvalues of the full mass matrix in App. E shows that such a
violently oscillating term cancels out in the light mass eigenvalue m light (but not for mheavy). There-
fore, the φ dependence of m light is at most mφφ2/M 2Pl which may be included in m3/2, leading to
the upper bound on the production rate as
Γ(φφ→ v⊥v⊥)® C
16pi

m 03/2
H
4 φ2amp
M 2Pl
m 3φ
M 2Pl
' 3C
16pi

m 03/2
H
2 (m 03/2)2mφ
M 2Pl
. (3.26)
It is suppressed by a factor (m 03/2/H )
4 compared with the transverse gravitino production rate. The
origin of this suppression is the fact that the Polonyino ez is massless in the global SUSY limit.
Although it is absorbed by gravitino to make it massive by the super-Higgs mechanism in the late
epoch, goldstino is mainly composed of inflatino in the early epoch and the Polonyino remains
light.
Note also that z oscillation also contributes to the production. As long as we are concerned
with the induced oscillation explained in Sec. 3.1, its contribution to the light mass eigenstate (∼
v⊥) production rate is at most the same order of the upper bound from φ annihilation mentioned
above.\19
Late epoch : H <m 03/2
The longitudinal gravitino ψ` produced at H < m 03/2 is essentially the same as the present grav-
itino. Thus, we can estimate the final longitudinal gravitino abundance by simply evaluating the
production rate of ψ` at H < m 03/2. Taking the limit α2  α1 in the general two-field Lagrangian
(2.83), we find the Lagrangian ofψ` same as that discussed in Sec. 2.3.2:
L` =−1
2
ψ`c
′ 
γ0∂0+ i~γ · ~k +a m lightψ`c′, (3.27)
where
m light '−m3/2+ m
2
zp
3m 03/2M Pl
δz . (3.28)
\19 The production rate of high momentum scalar components of z through the inflaton oscillation is also the same
order [26].
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Again, it is important to note that m3/2 in the expression of m light does not contain a violently
oscillating part and the φ dependence of m light is at most mφφ2/M 2Pl.
\20 Thus we obtain an upper
bound on the production rate ofψ` same as that of the transverse gravitino as
Γ(φφ→ψ`ψ`)® C
16pi
φ2amp
M 2Pl
m 3φ
M 2Pl
' 3C
16pi
H 2mφ
M 2Pl
. (3.29)
This is a rapidly time decreasing function and becomes less efficient at the later epoch.
We again note that the contribution of the induced z oscillation to the longitudinal gravitino
production is at most the same order of the upper bound fromφ annihilation mentioned above.
Abundance of longitudinal gravitino
Combining the results of production rate at the early and late epochs, we find that the longitudi-
nal gravitino production is most efficient around H ∼m 03/2. Thus the abundance of longitudinal
gravitino is found to be
n (`)3/2
s
®

Γ(φφ→ψ`ψ`)
H

H=m 03/2
3TR
4mφ
=
9C
64pi
m 03/2TR
M 2Pl
' 8×10−23C

m 03/2
106 GeV

TR
1010 GeV

. (3.30)
It is much smaller than the corresponding transverse gravitino abundance. The dotted line in the
left panel of Fig. 3 in Sec. 5 summarizes the transverse and longitudinal gravitino abundance.
Abundance of inflatino
Finally, we comment on the abundance of inflatino. One should also be cautious about the notion
of inflatino: it is eφ if the SUSY breaking is dominated by z , i.e., H ®m 03/2 while it is absorbed by the
longitudinal gravitino at H ¦m 03/2. Thus, the heavy mass eigenstate of (ψ`c, v⊥) system eventually
becomes the inflatino no matter when it is produced.
To estimate the inflatino abundance, we note that the heavy mass eigenvalue is given by
mheavy 'mφ +2cm3/2, (3.31)
where the second term is the oscillating part, see App. E. In contrast to m light, there appears a
term of O (cm3/2) in mheavy, which can make the production efficient. Just after inflation, |cm3/2| is
of the same order of mφ if φi ∼ M Pl, hence the production is kinematically accessible around
H ∼Hinf and the production becomes less and less efficient after that due both to the kinematical
suppression and the decrease of the oscillation amplitude of cm3/2. Thus, the production of heavy
mass eigenstate is dominated at H ∼Hinf and the resultant abundance is of the same order of the
transverse gravitino:
n eφ
s
' 27C
16pi
HinfTR
M 2Pl
' 9×10−15C

Hinf
1013 GeV

TR
1010 GeV

, (3.32)
\20 Note that m3/2 andcm3/2 are the same order for H <m 03/2, but the magnitude of their oscillating part is significantly
different. The relative oscillating amplitude of m3/2 is∼H 2/(m 03/2mφ)while that ofcm3/2 is∼ (H/m 03/2)2. Thus the latter
is mφ/m 03/2 times larger than the former. Therefore it is very important to figure out what exactly is the “gravitino
mass” of the light mass eigenvalue.
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where we have used fm ' 2cm3/2 ' 3Hinf ' p3mφ with fm being the amplitude of the oscillating
mass defined in App. B.
The fate of the inflatino significantly depends on its interactions unspecified here. Since we
need to reheat the universe, there must be interactions of the inflaton superfield with the SUSY
standard model (SSM) sector, which automatically introduce inflatino-SSM interactions. It may
also decay into gravitino if kinematically allowed [70], although such a contribution is smaller
than that of the pre-existing transverse gravitino (3.9).
3.4 Inflation model with a higher power potential
In this subsection, we briefly discuss the inflation model with higher power. The Kähler and su-
perpotential are assumed to be
K =−1
2
(φ−φ†)2+ |z |2− |z |4
Λ2
, (3.33)
W =
1
n
λφn +µ2z +W0. (3.34)
All parameters are taken to be real and positive without loss of generality. It should be noticed that
for n > 2, the presence of constant W0 eventually leads to the spontaneous breaking of Z2 or Zn
so that φ obtains a finite VEV. When discussing a theory of higher n (> 2) hereafter, we implicitly
assume that there is also a quadratic term W ∼mφφ2 which is subdominant at the early stage of
(p)reheating, and the Z2 symmetry is maintained in a practical sense. For consistency with the
Planck observation, we need modifications on the inflaton potential in the large field region, and
it can also simultaneously affect the potential in the reheating stage. Such effects may be taken
into account by including higher powers in the Kähler or superpotential.
The theoretical construction is almost parallel to the case of n = 2 discussed so far after re-
placing mφ → λφn−2. One of the significant differences is the background evolution. Let us sup-
pose that the inflaton field φ oscillates around the potential minimum φ = 0 under a potential
V 'λ2φ2(n−1). The inflaton amplitude and the Hubble parameter decrease as
φamp ∝ a−3/n , H 2 ∝ a−6(n−1)/n . (3.35)
This changes the abundance of gravitino, in particular the transverse one.
For example, for the quartic inflaton potential n = 3, such as the Higgs-inflation like model, it
is much more abundant than the case of n = 2:
n (t )3/2
s
' C
64pi

90
pi2 g ∗
1/4Hinf
M Pl
3/2
' 2×10−11C

Hinf
1013 GeV
3/2
, (3.36)
n (`)3/2
s
' C
64pi

90
pi2 g ∗
1/4m 03/2
M Pl
3/2
' 6×10−22C

m 03/2
106 GeV
3/2
, (3.37)
independently of the reheating temperature. Here we take C = 1 as a reference.\21 Therefore in
this case the transverse gravitino is problematic even if the reheating temperature is very low. The
abundance of longitudinal gravitino does not change much compared with the case of n = 2 after
replacing mφ→m effφ =λφn−2amp. This is because the transverse gravitino production is dominated at
\21 For n = 3, the gravitino mass term may contain frequencies of Ω =mφ , 3mφ with mφ = λφ. We do not specify
which process is dominant, rather simply evaluate the rate in the case ofΩ=mφ as an order of magnitude estimation.
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H = Hinf just after inflation while the longitudinal one is dominated at H ∼m 03/2. Thus the trans-
verse gravitino abundance is much more sensitive to the background evolution than the longitu-
dinal one. See the dashed line in the left panel of Fig. 3 in Sec. 5 for the transverse and longitudinal
gravitino abundance for n = 3.
Another comment is that the inflaton “mass” ∼λφn−2 itself is a rapidly oscillating function for
n > 2. It does not much affect the production of the light mass eigenstate of (ψ`, v⊥), but it can
significantly change the production of the heavy mass eigenstate, which eventually becomes the
inflatino (see Fig. 1). Therefore, the final inflatino abundance is expected to be sensitive to the
power n .\22 Although the inflatino seems to be less harmful than the gravitino, precise discussion
requires the information of interactions between the inflaton sector and the SSM sector for the
reheating.
3.5 Comment on the linear term in Kähler potential
Here we comment on the case where the inflaton does not possess the Z2 symmetry and there is a
linear term in the Kähler potential
K = i c (φ−φ†). (3.38)
As seen below, the existence of this term drastically changes the picture of the longitudinal grav-
itino production.
For the moment, we focus on the case of n = 2. First we should notice that there arises a mixing
betweenφ and z if there is a linear term in the Kähler potential as in Eq. (3.38). The mixing comes
from
V ⊃ (DφW )(DφW )⊃ KφW
M 2Pl
mφφ
∗+h.c.'
p
3i c m3/2mφ
M Pl
zφ∗+h.c. (3.39)
The mixing angle is
θφz ∼

p
3c m3/2mφ
m 2z M Pl
for mφ <mz
p
3c m3/2
mφM Pl
for mφ >mz
. (3.40)
As shown in App. D, the oscillation of z is induced by theφ oscillation, and its amplitude is given by
z amp ∼ θφzφamp. This induced z oscillation efficiently produces the longitudinal gravitino through
the δz term in Eq. (3.27) for H ®m3/2. The longitudinal gravitino production rate is thus given by
n˙ (`)3/2 ' 2ρzmz Γ(z →ψ
`ψ`)' 2ρφ
mφ
mφ
mz
θ 2φzΓ(z →ψ`ψ`), (3.41)
where
Γ(z →ψ`ψ`)' 1
96pi
m 5z
(m 03/2)
2M 2Pl
, (3.42)
\22 The enhancement of gravitino abundance for higher n was already mentioned in Ref. [42], although actually it
should be regarded as the (final) inflatino abundance rather than the gravitino.
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denotes the Polonyi decay width into the longitudinal gravitino pair.
Γ(φ→ψ`ψ`)' mφ
mz
θ 2φzΓ(z →ψ`ψ`)'

c 2m 3φ
32piM 4Pl
for mφ <mz
c 2m 3φ
32piM 4Pl

mz
mφ
4
for mφ >mz
. (3.43)
This is consistent with Refs. [24,26]. In contrast to the case of the previous subsection, this process
is interpreted as “decay” ofφ because the relevant interaction involves a single power ofδz and the
mixing angle is constant. In other words,ψ` “feels” the oscillation ofφ linearly. Thus, this process
is more and more effective at later time. The longitudinal mode produced during H ® m3/2 will
eventually become the present gravitino. The resulting abundance is estimated as
n (`)3/2
s
'

2Γ(φ→ψ`ψ`)
H

H=Γinf
3TR
4mφ
' 3c
2m 2φ
64piM 3PlTR

90
pi2 g ∗
1/2
' 1×10−5

c
M Pl
2 mφ
1013 GeV
21010 GeV
TR

, (3.44)
where Γinf denotes the total decay width of the inflaton. Cosmological consequences of this kind
of scenario is extensively studied in Refs. [24, 26]. This abundance is quite huge and it is one of
the motivations to consider the Z2-symmetric model.\23 In the Z2-symmetric case c = 0, the decay
process does not exist, because there is no mixing between z andφ.\24
A similar result holds for general n (> 2) after replacing mφ with the effective inflaton mass
m effφ ∼λφn−2amp. In this case, however, the partial “annihilation” rate Γ(φφ→ψ`ψ`) becomes smaller
for late time and the gravitino production is suppressed compared with the case of n = 2.
4 Gravitino production in multi-superfield inflation
We consider a more realistic three-field case: the inflaton φ, the stabilizer X and the Polonyi field
z . The Kähler and superpotential are given by
K =−1
2
(φ−φ†)2+ |X |2+ |z |2− |z |4
Λ2
, (4.1)
W =λXφn +µ2z +W0. (4.2)
This model has an approximate shift symmetry φ → φ + c with c being a real constant, and the
inflaton is identified with
p
2 Re(φ) [29,30]. Without loss of generality, we can take all the coupling
constants real and positive. Simple power-law chaotic inflation models are not favored according
to the results from the Planck satellite [71], and hence we need modifications on the models to
\23 If the inflaton and Polonyi sectors are effectively sequestered, the enhanced gravitino production can be avoided
even when the inflation sector breaks the Z2 symmetry. One of the simplest ways is to move the linear term to the
superpotential by the Kähler-Weyl transformation before coupling it to the Polonyi sector.
\24 In Ref. [20], it was pointed out that the gravitino does not couple to the heavy mass eigenstate of (φ, z ) system in
the limit mz mφ . This corresponds to (mz /mφ)4 suppression in (3.43) [21]. In theZ2-symmetric case, this statement
is trivial because m3/2 does not explicitly containφ but only z at the linear level.
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be consistent with observation [28–36]. Again, we are interested in the sub-Planckian regime and
these modifications on the potential in the large field region do not much affect the following
discussion.
From the viewpoint of gravitino production, the significant difference from the single-field
case is that the stabilizer field X is close to zero during inflation.\25 It suppresses the oscillating
gravitino mass m3/2 ∼λXφn/M 2Pl, leading to a suppressed gravitino production rate.
4.1 Dynamics
In contrast to the single-field model, m3/2 'm 03/2 just after inflation since X is stabilized at |X | |φ|. However, |X | does not remain to be very small because of the mixing betweenφ and X :
V ⊃m 03/2λφn−1 (n −2)φ−nφ∗X +h.c. (4.3)
Since we are assuming that all parameters in the model are real, the reality of φ and X is also
maintained. Thus the potential around the minimum is given by
V = (φ X )

(λφn−1)2 −2m 03/2(λφn−1)−2m 03/2(λφn−1) n 2(λφn−1)2

φ
X

. (4.4)
According to App. D, theφ oscillation induces the X oscillation due to the mixing term.
For n 6= 1, masses of φ and X are not degenerate and the amplitude of induced X oscillation
is about Xamp ∼ (m 03/2/mφ)φamp, where mφ ≡ λφn−1amp denotes the effective mass of the inflaton.
It means that φ and X are maximally mixed with each other at mφ ' m 03/2, which happens at
H m 03/2. Thus we have
m3/2 '

m 03/2φ
2
M 2Pl
+m 03/2 for mφ >m
0
3/2
mφφ2
M 2Pl
+m 03/2 for mφ <m
0
3/2
. (4.5)
The overall magnitude remains to be about m 03/2 throughout the whole history of the universe. The
oscillating part is the first term.\26
For n = 1, on the other hand, masses of φ and X are almost degenerate. As shown in App. D,
for H ¦m 03/2, the amplitude is given by\27
Xamp ∼φi

a i
a (t )
3/2
m 03/2t ∼φi

m 03/2
Hinf

∼ m
0
3/2
H
φamp. (4.6)
Notably, this is almost constant until H ∼m 03/2. After that,φ ∼X have the same order of oscillation
amplitudes, meaning the maximal mixing ofφ and X . This implies that
m3/2 '

mφφ2
M 2Pl
m 03/2
H
+m 03/2 for H >m
0
3/2
mφφ2
M 2Pl
+m 03/2 for H <m
0
3/2
. (4.7)
\25 Precisely speaking, we need K ∼ −|X |4/M 2Pl to give X the Hubble mass and stabilize X ' 0 during inflation, and
also it slightly deviates from the origin: X ∼ (m 03/2/mφ)φ. However, it does not affect the following discussion.
\26 Even if the term with n > 1 is dominant at the early stage, eventually the term with n = 1 becomes dominant.
Otherwise, φ and X would be massless in the present vacuum. The bare mass term n = 1 can change the dynamics
described above.
\27 The Hubble mass term like ∼H 2|X |2 does not change the discussion.
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Figure 2: Same as Fig. 1 but for multi-superfield inflation models.
The overall magnitude is about m 03/2 throughout the whole history of the universe. The first term
is the oscillating part, which is suppressed by m 03/2/H at H >m
0
3/2 compared with the single-field
case.
The dynamics of Polonyi field z is similar to the single-superfield inflation case studied in
Sec. 3.1, so we do not repeat the analysis here.
Based on this picture, below we estimate the gravitino abundance for n = 1 in which W =
mφXφ. The case of higher n is discussed in Sec. 4.4.
4.2 Transverse component
Let us estimate the transverse gravitino production rate for n = 1. As already shown, it is solely
determined by the field-dependence of the gravitino mass m3/2. According to Eq. (4.7), it is sup-
pressed by the small factor m 03/2/H compared with the single-field case studied in Sec. 3.2. Thus
we obtain the effective “annihilation” rate of the inflaton into the transverse gravitino pair as
Γ(φφ→ψtψt )'

C
4pi
φ2amp
M 2Pl
m 3φ
M 2Pl

m 03/2
H
2
' 3C
4pi
(m 03/2)
2mφ
M 2Pl
for H >m 03/2
C
4pi
φ2amp
M 2Pl
m 3φ
M 2Pl
' 3C
4pi
H 2mφ
M 2Pl
for H <m 03/2
. (4.8)
In contrast to the single-superfield inflation case, the production rate is time-independent at the
early epoch, hence the transverse gravitino production is maximized at H ∼m 03/2. Thus the abun-
dance of transverse gravitino is found to be
n (t )3/2
s
'

Γ(φφ→ψtψt )
H

H=m 03/2
3TR
4mφ
=
9C
16pi
m 03/2TR
M 2Pl
' 3×10−22C

m 03/2
106 GeV

TR
1010 GeV

. (4.9)
This is similar to the abundance of longitudinal gravitino in the single-superfield inflation case
(3.30) and much smaller than the gravitino abundance from thermal production. Thus it does not
give significant effects on cosmology.
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4.3 Longitudinal component
Next, let us discuss the longitudinal gravitino production. The discussion is parallel to the previous
single-superfield inflation case, but one care is needed since it is |FX | ∼ |φ˙| ∼HM Pl that dominantly
breaks SUSY at H >m 03/2. It may be useful to rewrite the Kähler and superpotential as
K = |Φ+|2+ |Φ−|2− 1
4

(Φ++Φ−)2+h.c.

+ |z |2− |z |4
Λ2
, (4.10)
W =
1
2
mφ

Φ2+−Φ2−

+µ2z +W0, (4.11)
where
Φ+ ≡ 1p
2
(φ+X ), Φ− ≡ 1p
2
(φ−X ). (4.12)
In this basis, we can follow the same method as that in Sec. 2.4 to derive the Lagrangian of the
gravitino-fermion system. The goldstino is given by
v =
1p
ρSB
hp
ρ+SBv++
p
ρ−SBv−+
p
ρzSBvz
i≡α+v++α−v−+αz vz , (4.13)
where
v+ ≡ 1p
ρ+SB
−FΦ+ +Φ˙+γ0 eΦ+ ≡ e γ0θ+eΦ+, ρ+SB ≡ |Φ˙+|2+ |FΦ+ |2, (4.14)
v− ≡ 1p
ρ−SB
−FΦ− +Φ˙−γ0 eΦ− ≡ e γ0θ−eΦ−, ρ−SB ≡ |Φ˙−|2+ |FΦ− |2, (4.15)
vz ≡ 1p
ρzSB
−Fz + z˙γ0 ez ≡ e γ0θz ez , ρzSB ≡ |z˙ |2+ |Fz |2. (4.16)
We can define the 3× 3 orthogonal matrix O that transforms the original basis into (v, v⊥) basis:
e.g.,  vv (1)⊥
v (2)⊥
=OT
e γ0θ+eΦ+e γ0θ−eΦ−
e γ0θz ez
 , OT =α+ α− αzeOT

≡
 s1c2 c1c2 s2c1 −s1 0
−s1s2 −c1s2 c2
 , (4.17)
where s 21 + c
2
1 = s
2
2 + c
2
2 = 1 and eO is the 3× 2 matrix. It is easily checked that we have s2 ' 0
and v ' s1e γ0θ+eΦ+ + c1e γ0θ−eΦ− and v (2)⊥ ∼ e γ0θz ez for H  m 03/2, while s2 ' 1 and v ' e γ0θz ez and
v (2)⊥ ∼−s1e γ0θ+eΦ+− c1e γ0θ−eΦ− in the opposite limit H m 03/2.
Following the same procedure as in Sec. 2.4, we obtain the Lagrangian of the longitudinal grav-
itino and fermion system as
L f =−1
2

ψ`c
′ v (1)⊥
′
v (2)⊥
′γ0∂0+ i~γ · ~k +aM
ψ
`
c
′
v (1)⊥
′
v (2)⊥
′
 , (4.18)
whereM denotes the mass matrix defined in Eq. (2.66), whose determinant is
detM 'm3/2 det eOTcm f eO'α2z m3/2m 2φ. (4.19)
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Although a full expression ofM is lengthy, we can deduce the mass eigenvalues as

m+heavy, m
−
heavy, m light
'


mφ, −mφ, −m3/2(m 03/2/H )2

for H ¦m 03/2
mφ, −mφ, −m3/2

for H ®m 03/2
. (4.20)
Therefore the expression for m light is similar to the single-superfield inflation case. The lightest
mass eigenstate, which should be mostly composed of ez , is v (2)⊥ for H m 03/2 andψ`c for H m 03/2.
A more detailed explanation for the mass eigenvalues is given in App. E. The right panel of Fig. 2
shows the schematic picture of the time evolution of the absolute values of the mass eigenvalues.
Abundance of longitudinal gravitino
The lightest mass eigenstate eventually becomes the present-day longitudinal gravitino. Hence,
we here would like to estimate the production rate of the lightest mass eigenstate in the universe.
Recalling that m3/2 in the inflation model with a stabilizer field is given by Eq. (4.7), and repeating
the same analysis for the production rate as that in Sec. 3.3, we find that an upper bound on the
longitudinal gravitino production rate as
Γ(φφ→ v (2)⊥ v (2)⊥ )® C4pi

m 03/2
H
6 φ2amp
M 2Pl
m 3φ
M 2Pl
' 3C
4pi

m 03/2
H
4 (m 03/2)2mφ
M 2Pl
, (4.21)
for H >m 03/2, and
Γ(φφ→ψ`ψ`)® C
4pi
φ2amp
M 2Pl
m 3φ
M 2Pl
' 3C
4pi
H 2mφ
M 2Pl
, (4.22)
for H <m 03/2. We again find that the resulting abundance is dominated by those created around
H ∼m 03/2, with an amount of
n (`)3/2
s
®

Γ(φφ→ψ`ψ`)
H

H=m 03/2
3TR
4mφ
' 9C
16pi
m 03/2TR
M 2Pl
' 3×10−22C

m 03/2
106 GeV

TR
1010 GeV

. (4.23)
It is the same order of the abundance of the transverse gravitino and also comparable to the longi-
tudinal gravitino abundance in the case of single-superfield inflation model (3.30). It is too small
to give significant phenomenological effects. As noted in the single-superfield infaltion case, the
contribution from the induced z oscillation to the longitudinal gravitino abundance is at most
comparable to this upper bound. After all, in inflation models with a stabilizer field X , it is safe to
neglect the nonthermal gravitino production after inflation. The dotted line in the right panel of
Fig. 3 in Sec. 5 summarizes the transverse and longitudinal gravitino abundance in models with a
stabilizer field.
Abundance of inflatino and stabilizino
There are two heavy mass eigenstates in the present model. They are roughly (ψ`, v (1)⊥ ) at the early
epoch (H > m 03/2) and (v
(1)
⊥ , v
(2)
⊥ ) at the late epoch (H < m 03/2). They are finally regarded as in-
flatino/stabilizino fields, since both v (1)⊥ and v
(2)
⊥ are composed of eφ and eX at late epoch. The
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heavy mass eigenvalues are given by
m±heavy '±mφ +2α2±cm±3/2, (4.24)
and cm±3/2 contains an oscillating term of O (H ) (see App. E). Thus the production rate of the heavy
mass eigenstates at H  m 03/2 is similar to the case without the stabilizer field. This process is
accessible only just after inflation when H ∼mφ. The production of heavy states is expected to be
dominated at H ∼Hinf, and the resulting inflatino/stabilizino abundance at late time is estimated
to be
n v (1)⊥
s
' n v (2)⊥
s
' 27C
16pi
HinfTR
M 2Pl
' 9×10−15C

Hinf
1013 GeV
−1 TR
1010 GeV

, (4.25)
which is similar to the inflatino abundance in the single-superfield inflation case. Again we note
that the fate of the inflatino and stabilizino depends on the inflaton-SSM interactions which is not
specified here. Generally the inflatino decay into the gravitino plus inflaton may be kinematically
allowed depending on the soft SUSY breaking mass of the inflaton, but the branching fraction is
expected to be small. However, depending on the inflatino/stabilizino branching fractions into
gravitino, this channel can be the dominant source of nonthermal gravitino.
4.4 Inflation model with a higher power potential
So far we have focused on the case of quadratic inflaton potential n = 1. Now let us briefly discuss
the case with a higher power n > 1. As described in Sec. 3.4, there are mainly two differences from
the quadratic case. One is the change of the background evolution: see Eq. (3.35). The other is
that the inflaton mass itself becomes a rapidly oscillating function. Although the full analysis is
complicated, we can qualitatively discuss these effects.
First, the transverse gravitino abundance is dominated at H ∼ Hinf, but it is suppressed by a
factor (m 03/2/mφ)
2 compared to the single-superfield case because of the suppression of the grav-
itino mass (4.5). The production of the longitudinal component is dominated at H ∼ m 03/2. For
example, for the quartic inflaton potential n = 2, we obtain
n (t )3/2
s
' 9C
16pi

90
pi2 g ∗
1/4 (m 03/2)2
H 1/2inf M
3/2
Pl
!
' 7×10−24C

Hinf
1013 GeV
−1/2 m 03/2
106 GeV
2
, (4.26)
n (`)3/2
s
' 9C
16pi

90
pi2 g ∗
1/4m 03/2
M Pl
3/2
' 2×10−20C

m 03/2
106 GeV
3/2
, (4.27)
where Γφ denotes the total decay width of the inflaton. See the dashed line in the right panel of
Fig. 3 in Sec. 5 for the transverse and longitudinal gravitino abundance for n = 2. The oscillation
of inflaton mass itself also does not much affect the final gravitino abundance, since the mass
eigenvalue of the light state is determined by m3/2, not the inflaton mass. On the other hand,
the inflatino abundance can be enhanced since its production is dominated at the early epoch
H ∼ Hinf, and the oscillation of the effective inflaton mass itself directly contributes to the heavy
mass eigenstates.
5 Conclusions
We have studied the nonthermal gravitino production during (p)reheating paying particular at-
tention to the case of Z2 symmetric large field inflation models. The result crucially depends on
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inflation models. In single-superfield inflation without a stabilizer field, production of the trans-
verse gravitino is efficient and it can cause cosmological problems depending on the power law
index of the inflaton potential. The longitudinal gravitino production is safely neglected. On the
other hand, in multi-superfield inflation models with a stabilizer field, the transverse gravitino
production is significantly suppressed and nonthermal gravitino production plays no important
role in cosmology. Fig. 3 shows the gravitino abundance as a function of the reheating tempera-
ture TR for the single-superfield inflation models (left) and multi-superfield inflation models with a
stabilizer field (right). The solid line shows a contribution from thermal production [11–13], while
dashed (dotted) lines show nonthermally produced ones for the inflaton potential V ∝ φp with
p = 2 (p = 4). Here we have taken Hinf = 1013 GeV (left) and m 03/2 = 10
6 GeV (right). If the inflaton
potential changes from φ4 to φ2 at some point, the prediction lies between these two lines. It is
clearly seen that inflation models with a stabilizer predicts negligibly small nonthermal gravitino
abundance. Therefore inflation models with a stabilizer field is motivated not only from the view-
point of model building, but also from the requirement to avoid the nonthermal gravitino overpro-
duction. Note that in this plot we have ignored some other nonthermal gravitino production pro-
cesses such as those from Polonyi/inflatino decay since they are rather model-dependent [26, 70].
However, inclusion of them does not much affect this conclusion.
Some comments are in order. In the most part we assumed the (nearly) minimal Kähler poten-
tial for the inflaton superfield for simplicity. The production rate is significantly modified if there
is a Z2-symmetric Kähler potential of the form
K ∼ 1
M 2Pl
|φ|2z z +h.c. or 1
M 2Pl
X †φz z +h.c., (5.1)
for the single-superfield inflaton and multi-superfield inflaton case, respectively. Since these terms
directly give the large oscillating Polonyino mass like m z˜ ∼mφφ2/M 2Pl, the longitudinal gravitino
production rate is expected to be significantly enhanced to the same level as the transverse pro-
duction rate, if the coefficients of these terms are O (1). Moreover, some inflation models, espe-
cially those constructed from the Jordan frame action, have a nonminimal Kähler potential of the
inflaton sector itself which can potentially induce violent phenomena [72]. Also we assumed that
the inflaton is a gauge singlet: for a gauge non-singlet inflaton, the structure becomes more com-
plicated. We will come back to these issues in future.
Acknowledgments
This work was supported by the Grant-in-Aid for Scientific Research on Scientific Research A
(No.26247042 [KN]), Young Scientists B (No.26800121 [KN]) and Innovative Areas (No.26104009
[KN], No.15H05888 [KN]). This work was supported by World Premier International Research Cen-
ter Initiative (WPI Initiative), MEXT, Japan. This work is supported in part by National Research
Foundation of Korea (NRF) Research Grant NRF-2015R1A2A1A05001869. The work of Y.E. and
K.M. was supported in part by JSPS Research Fellowships for Young Scientists. The work of Y.E.
was also supported in part by the Program for Leading Graduate Schools, MEXT, Japan. A part of
the work of T.T. was done when he belonged to APCTP.
29
10-20
10-18
10-16
10-14
10-12
10-10
10-8
106 107 108 109 1010 1011
n
3/
2/s
TR [GeV]
Thermal
Nonthermal:p=2
Nonthermal:p=4 10-24
10-22
10-20
10-18
10-16
10-14
10-12
10-10
10-8
106 107 108 109 1010 1011
n
3/
2/s
TR [GeV]
Thermal
Nonthermal:p=2
Nonthermal:p=4
Single-superfield Multi-superfield
Figure 3: Gravitino abundance n 3/2/s as a function of reheating temperature TR for the single-superfield
inflation model without a stabilizer field (left) and multi-superfield inflation model with a stabilizer field
(right). The solid line shows a contribution from thermal production, while dotted (dashed) lines show
nonthermally produced ones for the inflaton potential V ∝φp with p = 2 (p = 4).
A Notations and conventions
In this appendix, we summarize the notations and conventions used in this paper. We follow those
of the textbook [73].
Gamma matrix
Here we summarize the notations and conventions related to the gamma matrices. We take the
metric to be “almost plus”, i.e., ηµν = diag(−1,+1,+1,+1) for the flat space, and similar way for the
FLRW one. Then, the Clifford algebra is defined asbγµ,bγν+ = 2g µν , (A.1)
where [A, B ]+ = A B + BA, and the hats denote the quantities in the curved space-time as it is also
noted in the main text. We express the gamma matrices in the flat space without the hats. Through
the vierbein e aµ , they are related: bγµ = e aµγa . (A.2)
Here the vierbein is defined as
gµν =ηab e aµ e
b
ν . (A.3)
The sign convention of Eq. (A.1) as well as that of the metric determine the (anti-)hermiticity of
the gamma matrices. In our convention, γ0 is anti-hermitian, while ~γ is hermitian:
γ0
†
=−γ0,  ~γ† = ~γ. (A.4)
We define the short hand notations for the product of the gamma matrices as
bγµν ≡ 1
2
bγµ,bγν− , (A.5)bγµνρ ≡ 1
3
bγµbγνρ + bγνbγρµ+ bγρbγµν , (A.6)
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where [A, B ]− = A B − BA. Note that they are anti-symmetric with respect to the indices. We also
define the hermitian matrix γ∗ as
γ∗ ≡ iγ0γ1γ2γ3, (A.7)
where we have used the gamma matrices in the flat space, not in the curved space. In terms of it,
the projection operators are defined as
PL ≡ 1+γ∗
2
, PR ≡ 1−γ∗
2
. (A.8)
Dirac/Majorana conjugation
The Dirac conjugation of a fermionψ is defined as
ψ≡ iψ†γ0. (A.9)
In order to define the Majorana conjugation, we need the charge conjugation matrix C . It is a
unitary matrix that satisfies
γµT =−CγµC−1. (A.10)
With this matrix, the Majorana conjugation is defined as
ψ
C ≡ψT C . (A.11)
For the Majorana fermion λ that satisfies
λ=−C−1λT , (A.12)
the Dirac and Majorana conjugations are equivalent.\28 The explicit form of C in terms of γ de-
pends on the representation of the gamma matrices.
Curvature
First we define the spin connection as
ωµ
ab = 2e ν [a∂[µeν ]b ]− e ν [a e b ]σeµc∂νeσc , (A.13)
where we have neglected the torsion since it contributes only to the four Fermi interaction. Here
[...] denotes the anti-symmetrization with respect to those indices. The normalization of the anti-
symmetrization of n indices includes the factor of 1/n !. In terms of it, the Riemann tensor is
defined as
Rµν
ab ≡ 2∂[µων ]ab +2ω[µa cων ]c b . (A.14)
The Ricci tensor is defined as
Rµν ≡Rµρab eaνebρ. (A.15)
Finally we define the Ricci scalar as
R ≡ gµνRµν . (A.16)
\28 The sign in front of Eq. (A.12) is negative since we follow the convention of Ref. [73].
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B Fermion production in the background field method
In this appendix, we discuss production of a Majorana fermion due to a time-dependent mass
term:
S =−1
2
∫
d4xψ

/∂ −m (t )ψ. (B.1)
Though the time dependence of mass term typically arises from a coherently oscillating scalar
field in the cosmological context, here we do not specify the origin of m (t ) and just assume that it
oscillates with frequency of Ω. We follow the discussion given in Refs. [74–76]. See also Appendix
A in Ref. [77].
B.1 Quantization
Let us start with the mode expansion of the Majorana field:
ψ(x ) =
∫
d3k
(2pi)3/2
e i
~k ·~xψ~k (t ). (B.2)
The mode function obeys
0=

∂0γ
0− i~k ·~γ−m (t )ψ~k (t ). (B.3)
The Majorana condition, ψ(x ) = −C−1ψT (x ),\29 puts the following constraints on the mode func-
tion:
ψ~k (t ) =−C−1ψT−~k (t ). (B.4)
To quantize the Majorana field, we introduce the creation/annihilation operator:
ψ~k (t ) =
∑
s
h
u ~k ,s (t )bˆ~k ,s +v~k ,s (t )bˆ
†
−~k ,s
i
, (B.5)
where v~k ,s (t ) = −C−1u T−~k ,s (t ). One can see that the Majorana condition is fulfilled. We take the
following normalization of the spinor:
u †~k ,s (t )u ~k ,s ′(t ) =δs s ′ , v
†
~k ,s
(t )v~k ,s ′(t ) =δs s ′ , u
†
~k ,s
(t )v~k ,s ′(t ) = 0. (B.6)
The quantization condition comes from the equal time anti-commutators:
ψ(t ,~x ),ψ†(t ,~y )

+
=δ(~x − ~y ), ψ(t ,~x ),ψ(t ,~y )+ = ψ†(t ,~x ),ψ†(t ,~y )+ = 0. (B.7)
Together with the normalization of spinors, we obtain the following algebras for creation/annihilation
operators: h
bˆ~k ,s , bˆ
†
~k ′,s ′
i
+
=δ(~k − ~k ′)δs s ′ , bˆ~k ,s , bˆ ~k ′,s ′+ = hbˆ †~k ,s , bˆ †~k ′,s ′i+ = 0. (B.8)
\29 Here we match the definition of the charge conjugation matrix C with that of Ref. [73].
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Hereafter we adopt the Dirac representation for gamma matrices\30 and expand the spinor in
terms of helicity:
u ~k ,h(t ) =
 
u+~k ,h(t )
u−~k ,h(t )
!
⊗ξ~k ,h , v~k ,h(t ) =
 −u−−~k ,h(t )
u+−~k ,h(t )
!∗
⊗ξ′−~k ,h . (B.10)
Here ξ~k ,h is the normalized eigenvector of helicity h, satisfying (~σ · ~ˆk )ξ~k ,h = hξ~k ,h . ~ˆk ≡ ~k/k is
a unit vector. We have also defined ξ′~k ,h ≡ −iσ2ξ∗~k ,h , which satisfies (~σ · ~ˆk )ξ′~k ,h = −hξ′~k ,h . The
normalization condition requires u+~k ,h 2+ u−~k ,h 2 = 1. (B.11)
Let us write down the equation of motion, Eq. (B.3), by using u+~k ,h and u
−
~k ,h
:
i∂0u
+
~k ,h
+hk u−~k ,h =m (t )u
+
~k ,h
, (B.12)
i∂0u
−
~k ,h
+hk u+~k ,h =−m (t )u−~k ,h . (B.13)
The equations of motion for u±~k ,h is reduced to the following linear one:
0= u¨+~k ,h(t )+

ω2~k (t )+ i m˙ (t )

u+~k ,h(t ) =: u¨
+
~k ,h
(t )+ eω2~k (t )u+~k ,h(t ), (B.14)
where ω2~k (t ) = m (t )
2 + k 2. From the solution of this equation, we can formally obtain u−~k ,h via
Eq. (B.13). We are mainly interested in the vacuum initial condition, which is annihilated by b~k ,h .
u+~k ,h(t → 0) =
r
ω~k (0)+m (0)
2ω~k (0)
, u˙+~k ,h(t → 0) =−iωk (0)u+~k ,h(t → 0). (B.15)
From Eqs. (B.12) and (B.13), one gets the initial condition for u−~k ,h
u−~k ,h(t → 0) =−h
r
ω~k (0)−m (0)
2ω~k (0)
, u˙−~k ,h(t → 0) =−iω~k (0)u−~k ,h(t → 0). (B.16)
Note that those are consistent with the normalization condition, Eq. (B.11).
B.2 Particle production
Now we are in a position to discuss particle production. Let us start with evolution of the energy
density. Since we are interested in particle production from the vacuum of Majorana fermion, we
take the state which is annihilated by bˆ~k ,h |0〉= 0. The expectation value of the Hamiltonian density
with respect to vacuum is given by
〈H (t )〉= 1
2
¬
ψ†i∂0ψ
¶
=
∫
d3k
(2pi)3
1
2
∑
h

m (t )
u−~k ,h(t )2− u+~k ,h(t )2+2hkℜu+~k ,h(t )u−∗~k ,h(t ) , (B.17)
\30
γ0 =

i 0
0 −i

, ~γ=

0 i ~σ
−i ~σ 0

, γ5 =

0 1
1 0

, C =−iγ0γ2. (B.9)
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where we have used the equation of motion for ψ in the first equality, and the bra-ket stands for
the expectation value with respect to vacuum. One can check that the energy density only contains
vacuum fluctuations for the initial condition given by Eqs. (B.15) and (B.16):
〈H (0)〉=
∫
d3k
(2pi)3
∑
h

−ω~k (0)
2

= 2×
∫
d3k
(2pi)3

−ω~k (0)
2

. (B.18)
It is noticeable that the integrand in the square bracket of Eq. (B.17) does not depend on helicity
h under the initial condition, Eqs. (B.15) and (B.16), and thus, the summation over helicity be-
comes trivial. This is because we have u+~k ,h(t ) = u
+
~k ,−h and u
−
~k ,h
(t ) =−u−~k ,−h(t ), as one can see from
Eqs. (B.14), (B.12) and (B.15). Those equations, Eqs. (B.17) and (B.18), motivate us to define the
following number density:
nψ(t ) = 2×
∫
d3k
(2pi)3
fψ(~k ; t ), (B.19)
where the phase space density is given by
fψ(~k ; t )≡ 1
2ω(t )

m (t )
u−~k (t )2− u+~k (t )2+2hkℜu+~k (t )u−∗~k (t )+ 12
=
1
2ω(t )
h
m (t )+2ℑu+∗~k (t )∂0u+~k (t )i+ 12. (B.20)
We have omitted the helicity subscript, h, in the wave function, u±, because fψ does not de-
pend on helicity. The factor two in Eq. (B.19) represents the degrees of freedom for the Majorana
fermion.
We assume the following form of the solution to Eq. (B.14):
u+~k ,h(t ) =
Ak ,h(t )p
2 eω~k (t )e−i
∫ t
dτ eω~k (τ)+ Bk ,h(t )p
2 eω~k (t )e i
∫ t
dτ eω~k (τ), (B.21)
where
A˙k (t ) =
e˙ω~k (t )
2 eω~k (t )e 2i ∫ t dτ eω~k (τ)Bk (t ), B˙k (t ) = e˙ω~k (t )2 eω~k (t )e−2i ∫ t dτ eω~k (τ)Ak (t ). (B.22)
Initial values of Ak ,h and Bk ,h are obtained as
Ak (t → 0) =
p
ω~k (0)+m (0), B (t → 0) = 0. (B.23)
Let us estimate the growth rate of fψ at the very beginning, fψ 1. At that time, we expect A~k 'p
ω~k +m and B~k ' 0 at the leading order. We take into account the growth of B~k perturbatively by
using Eq. (B.22). Under this assumption, one can easily obtain
B~k (t )'
∫ t
0
dt ′m m˙ + i m¨/2
2 eω2~k A~k (0)e−2i
∫ t ′
dτ eω~k (τ)
'−i A~k (0)
∫ t
0
dt ′m (t ′)e−2iω~k t ′ . (B.24)
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In the second similarity, we have performed integration by parts and assumed k 2m 2. For given
time t , the integration cancels out due to oscillations of the phase except forΩ−∆Ω® 2ω~k ®Ω+∆Ω
with ∆Ω ∼ 1/t . Within this frequency range, the phase of m (t ) and e−2iω~k t cancels and B~k grows
linearly with time:
B~k (t )'− i2A~k (0)fm t for Ω− 1t ® 2ω~k ®Ω+ 1t . (B.25)
Here and hereafter fm stands for the amplitude of oscillating m (t ). Similar arguments lead to
A~k (t )' A~k (0)− i B ′~k (0)fm t 24 ' A~k (0)

1− fm 2t 2
8

for Ω− 1
t
® 2ω~k ®Ω+
1
t
. (B.26)
Plugging those approximated solutions into Eq. (B.20), we get
fψ(~k ; t )' fm 2t 2
4
for Ω− 1
t
® 2ω~k ®Ω+
1
t
. (B.27)
This expression is valid as long as fψ  1, namely qΩt ® 1 with the resonance parameter being
q ≡ fm 2/Ω2  1. Finally, performing the phase space integral in Eq. (B.19), we obtain the master
equation for Majorana fermion production due to its oscillating mass term m (t ):
nψ(t )' C
16pi
Ω2fm 2t . (B.28)
Here we have introduced an order one factor C , which depends on how m (t ) oscillates. For in-
stance, in the case of m (t )∝ cos (Ωt ), we haveC = 1.
Now let us assume that the oscillation of m (t ) is caused by oscillating (canonical) scalar field
φ 'φamp cos(mφt ). The result (B.28) may be interpreted as the decay or annihilation of φ intoψ,
depending on how m (t ) oscillates with time. Suppose that m (t )∝φn (t ), which involves Ω= j mφ
with j = n , n − 2, n − 4, . . . . One can see that allowed processes depend on the parity of n . To
avoid unnecessary complications, let us consider the case of n = 1 and n = 2 as an illustration.
In this case, the relevant frequency is Ω = mφ(2mφ) for n = 1(2). For Ω = mφ(2mφ), the decay
(annihilation) rate is estimated as
Γ(n ×φ→ψψ)∼ nnψ
2nφt
∼ n 3C
32pi
fm 2
φ2amp
mφ ∼ n
5C
32pi
qm 3φ
φ2amp
. (B.29)
Here we have substituted nφ ∼mφφ2amp. Actually if m (t )∝φ ∝ cos (mφt ), this coincides with the
perturbative decay rate of φ into two ψ particles calculated in the standard method in quantum
field theory. In this case, the particle production can be reasonably interpreted as the decay of
φ. On the other hand, if m (t ) ∝ φ2, this may be rather regarded as the annihilation of φ into ψ
particles, with an annihilation rate ofΓ(φφ→ψψ)∼ nφσv withσv ∼ (fm/φ2amp)2. In the main text,
we use the formula (B.29) for the gravitino production rate rather than (B.28), since reinterpreting
the gravitino production as if it is caused by the inflaton decay may help readers understand the
underlying physics.
Here are some comments. The calculations here are assuming that the background field (in-
flaton) is spatially homogeneous. This assumption is not always valid particularly if it is steeper
than the quadratic one [78, 79].\31 For the quartic inflaton potential V ∝φ4, for example, inflaton
\31 On the other hand, if the potential is flatter than the quadratic one, as required to be consistent with Planck
observation for large field value, metastable localized objects called oscillons or I-balls may be produced [80–85].
Once oscillons are formed, they behave as pressureless matter. However, the necessary condition of its production
and its phenomenological consequences are yet unclear [86–92]. We postpone a detailed investigation in this case.
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fluctuations with momenta of its effective mass scale develop due to the parametric resonance
of the inflaton fluctuation itself and the initially homogeneous configuration may mostly become
semi-relativistic waves. However, it does not much affect the estimate of resulting fermion abun-
dance, since the equation of state of the universe remains the same no matter how the parametric
resonance is efficient [79] and the fermion production rate is also roughly the same even if the pro-
duction is caused by the decay/annihilation of the inflaton quanta, as explicitly shown above. Note
also that in the most relevant case, i.e., the transverse gravitino production in the single-superfield
inflaton case, the abundance is dominated by just the first few oscillations after inflation during
which the coherence of the inflaton is maintained. Therefore, the gravitino abundance shown in
Fig. 3 is not much affected by this subtlety. For a higher power V ∝φn with n > 4, we need much
more care on the particle production rate, since in such a case the inflaton fluctuation develops
and the equation of state may approach to the radiation-dominated one [79], which significantly
modifies the naive estimate obtained by the assumption that the background is dominated by the
homogeneous inflaton condensation. It also means that inflaton quanta may be highly relativistic
so that the production rate may be suppressed by the Lorentz factor. A careful investigation of
particle production rate in this situation is beyond the scope of this paper.
C Gravitino production in small-field inflation models
In this section we briefly comment on the gravitino production in small-field inflation models,
such as new-inflation or hybrid inflation models. The known results of Refs. [21,24] are reproduced
in our framework.
C.1 Single-superfield model
Let us consider a single-field new inflation model [93] as an example of small-field inflation mod-
els. The Kähler and superpotential are assumed to be
K = |φ|2+ |z |2− |z |4
Λ2
, (C.1)
W =φ

M 2− λφn
n +1

+µ2z . (C.2)
In this model, at the potential minimum


φ

= (M 2/λ)1/n , the superpotential takes a finite value:
W0 =
n
n +1


φ

M 2 =m 03/2M
2
Pl. (C.3)
After a few Hubble time after inflation ends, the oscillation amplitude of the inflaton becomes
much smaller than


φ

. Expandingφ =


φ

+δφ, Kähler and superpotentials are expressed as
K =


φ

(δφ+δφ†)+ |δφ|2+ |z |2− |z |4
Λ2
, (C.4)
W ' 1
2
mφ(δφ)2+µ2z +W0−m 03/2 
φδφ, (C.5)
where the inflaton mass around the potential minimum is given by mφ = nM 2/


φ

. This is the
same as the single-field chaotic inflation model with linear term in the Kähler potential studied
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in Sec. 3.5 after the identification c → 
φ, except for the small linear δφ term in the superpo-
tential.\32 Although the linear δφ term in the superpotential can induce the inflaton decay, the
dominant contribution comes from the inflaton-induced z oscillation as studied in Sec. 3.5. The
inflaton decay rate into the longitudinal gravitino pair and the resultant gravitino abundance is
consistent with [21, 24].
C.2 Multi-superfield model
Next, we consider multi-field new inflation model [94, 95]:
K = |φ|2+ |X |2+ |z |2− |z |4
Λ2
, (C.6)
W =X (M 2−λφn )+µ2z +W0. (C.7)
The potential minimum is 〈X 〉 ' 0 and 
φ' (M 2/λ)1/n . Expanding the field as φ = 
φ+δφ, the
Kähler and superpotentials can be written as
K =


φ

(δφ+δφ†)+ |δφ|2+ |X |2+ |z |2− |z |4
Λ2
, (C.8)
W 'mφXδφ+µ2z +W0, (C.9)
where the inflaton mass around the potential minimum is given by mφ = nM 2/


φ

. Thus the
gravitino production in this theory is also the same as that in the chaotic inflation model with
linear term in the Kähler potential after the identification c → 
φ in Sec. 3.5. Although the model
of Sec. 3.5 does not have a stabilizer X , the discussion is almost parallel, considering that there is a
mixing term ∼ X ∗z in the scalar potential and also φ and X are maximally mixed with each other
at least for H ®m3/2. As a result, the inflaton decay rate into the longitudinal gravitino pair and its
abundance is consistent with [21, 24].
D Multi-field scalar dynamics
Let us consider the potential of real scalarφ1 andφ2:
V =
1
2
(φ1 φ2)M 2

φ1
φ2

, M 2 =

m 21 m
2
12
m 212 m
2
2

. (D.1)
We want to estimate how large is the induced oscillation amplitude of φ2 starting with the initial
condition (φ1,φ2) = (φi , 0). We assume |m1m2|>m 212 so that the potential is positive definite.
To solve the equation of motion, It is convenient to move to the mass eigenstate basis:
φ′1
φ′2

=

cθ sθ
−sθ cθ

φ1
φ2

, (D.2)
where cθ ≡ cosθ and sθ ≡ sinθ with −pi/4<θ ≤pi/4. They are given by
c 2θ =
1
2
1+È1− 4m 412
4m 412+(m
2
1 −m 22)2
 , s 2θ = 12
1−È1− 4m 412
4m 412+(m
2
1 −m 22)2
 , (D.3)
\32 The linear term in δφ appears because W 'W0+Wφδφ and Wφ =−KφW /M 2Pl at the potential minimum.
37
with θ ≥ 0 for (m 21 −m 22)/m 212 > 0 and θ < 0 for (m 21 −m 22)/m 212 < 0. Hence the mixing angle is
approximated as
θ '
(
m 212/(m
2
1 −m 22) for |2m 212|  |m 21 −m 22 |,
pi/4 for |2m 212|  |m 21 −m 22 |.
(D.4)
In the mass eigenstate basis, the potential looks like
V =
1
2
(φ′1 φ
′
2)M ′2

φ′1
φ′2

, M ′2 =

m ′21 0
0 m ′22

, (D.5)
where
m
′2
1 =
1
2

m 21 +m
2
2 +
|m 21 −m 22 |
m 21 −m 22
p
(m 21 −m 22)2+4m 412

, (D.6)
m
′2
2 =
1
2

m 21 +m
2
2 −
|m 21 −m 22 |
m 21 −m 22
p
(m 21 −m 22)2+4m 412

. (D.7)
In this basis, the equation of motion of each field can be easily solved as
φ′1(t ) = cθφi

a i
a (t )
3/2
cos(m ′1t ), (D.8)
φ′2(t ) =−sθφi

a i
a (t )
3/2
cos(m ′2t ), (D.9)
under the initial condition (φ1,φ2) = (φi , 0). Then we obtain
φ1(t ) =φi

a i
a (t )
3/2 
c 2θ cos(m
′
1t )+ s
2
θ cos(m
′
2t )

, (D.10)
φ2(t ) =−φi

a i
a (t )
3/2
sin(2θ )sin

(m ′1+m ′2)t
2

sin

(m ′1−m ′2)t
2

. (D.11)
Therefore, if m ′1 and m ′2 are not close to each other, we can just regard φ2(t )∼ sin(2θ )φi as an
“induced” oscillation amplitude after a few oscillation of each field. On the other hand, if m ′1 'm ′2,
or m 21 'm 22  |m 212| in the original basis, it takes long time to develop large amplitude ofφ2. In the
degenerate limit m1 =m2, we obtain m ′1−m ′2 'm 212/m1. In this case, we have
φ2(t )'−φi

a i
a (t )
3/2
sin(m1t )
m 212
2m1
t for t ® 2m1
m 212
. (D.12)
Hence after the time t ∼ 2m1/m 212, φ1 and φ2 may be regarded as maximally mixed with each
other.
E Calculation of mass eigenvalues
In this appendix, we estimate the mass eigenvalues of the system of the longitudinal gravitino and
matter fermions discussed in Secs. 3.3 and 4.3.
38
E.1 Single-superfield model
In this subsection, we consider the model in Sec. 3, which does not utilize the stabilizer field. The
full mass matrixM is given by Eq. (2.83). We regard the first and second row/column (thus corre-
sponding subscripts or superscripts 1 and 2) correspond to the inflaton(ino)φ and the Polonyi(no)
field z , respectively. The trace and determinant of the mass matrix are
TrM =cm3/2+m f −α21θ˙1−α22θ˙2
'mφ +2α21cm 13/2+(α21−α22)m3/2, (E.1)
detM =α21α22 sin2(θ1−θ2)(cm3/2−m cf )2−α2α˙2(cm3/2−m cf )sin(2(θ1−θ2))
− (α˙21+ α˙22)sin2(θ1−θ2)+α22(cm3/2−m cf )(θ˙2− θ˙1)+ (cm3/2− θ˙1)(m cf − θ˙2)
'−α22mφm3/2+α21α22 sin2(θ1−θ2)(cm 13/2)2−α21α22cm 13/2+m3/22 , (E.2)
where m cf ≡m f +α22θ˙1+α21θ˙2 '−α22(m3/2+cm 13/2) is introduced as a useful combination, which sits
on the (2, 2) component of the inner parenthesis in Eq. (2.83), and it satisfies cm3/2 −m cf ' cm 13/2.
In the above estimation, we have used θ˙φ ' −mφ −m3/2 −cm 13/2 and θ˙z ' 0 (cf. Eq. (2.69)). The
quantities cm i3/2 can be estimated using Eq. (2.70) ascm 13/2 = (m3/2+3H sin 2θ1−3m3/2 cos 2θ1)/2 andcm 23/2 '−m3/2. The time-derivative of the SUSY breaking fractions α˙i have been neglected because
α1α˙1 = −α2α˙2 = O (min(m 03/2)2/H , H 2/(m 03/2) ® O (m 03/2). Note that the trace contains a violently
oscillating term cm 13/2 while the determinant does not have a term of order mφcm 13/2 (cf. \20).
Since (TrM )2 detM , the mass eigenvalues ofM are given by
1
2

TrM ±p(TrM )2−4 detM=(TrM for the heavy state,
detM /TrM for the light state. (E.3)
Thus, we obtain the eigenvalues (mheavy, m light) ' (mφ + 2α21cm 13/2,−α22m3/2). Keeping the first or-
der of δz , we find the Polonyi-dependent part of the light mass eigenvalue −θ˙2. That is, m light '
−α22m3/2+ m
2
zp
3m 03/2M Pl
δz , which is used in eqs. (3.25) and (3.28).
E.2 Multi-superfield model
Here, we evaluate the mass matrixM in Eq. (2.66) in the case with the stabilizer field in Sec. 4. The
matter fermion part of the mass matrix is
cm f 'm f ' diag(mφ,−mφ, 0), (E.4)
in the “light-cone” basis (Φ+,Φ−, z ) defined in Eq. (4.12).
The trace is
TrM = (1−2α2z )m3/2+2

α2+cm+3/2+α2−cm−3/2 , (E.5)
where the term of order mφ cancels out because of the opposite phases. The full expression of
the determinant is long and complicated. Since we expect there are two states with their mass
eigenvalues approximately equal to ±mφ, we extract the terms proportional to m 2φ,
detM = s 22 m3/2m 2φ + · · ·=α2z m3/2m 2φ + . . . . (E.6)
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Note that the lightest eigenvalue is not of order cm3/2 but of order m3/2 (cf. \20). In this calculation,
we have used θ˙± '∓mφ −m3/2−cm±3/2 with cm±3/2 ' (m3/2− 3m3/2 cos 2θ1± 3H sin 2θ1)/2. Finally, if
we call the three mass eigenvalues m1, m2, and m3, we have a relation
m1m2+m2m3+m3m1 =M11M22+M22M33+M33M11−M 212−M 223−M 231
=−m 2φ −2(α2+cm+3/2−α2−cm−3/2+O (m3/2))mφ + . . . , (E.7)
where we write only the largest term, which is proportional to m 2φ, and the subdominant but os-
cillating term linear in mφ. Thus, we conclude that there are three states with their mass eigen-
values (m+heavy, m
−
heavy, m light) ' (mφ + 2α2+cm+3/2,−mφ + 2α2−cm−3/2,−α2z m3/2). Repeating the same
analysis without neglecting δz , we find the z -dependent part of the light eigenvalue, m light '
−α2z m3/2+ m
2
zp
3m 03/2M Pl
δz .
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